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INTRODUCTION. 

With,  the  advent  of  reinforced  concrete  as  a  material 
for  building  construction  the  question  of  continuity  of  floors 
and  girders  has  become  a  problem  of  much  significance  to  the 
designing  engineer.  In  the  absence  of  tests  to  assist  him  in 
deducing  economical  and  safe  rules,  he  is  guided  by  current 
practice  and  mathematical  analyses  which  may  or  may  not  be  the 
most  safe  and  economical  rules  for  construction. 

An  analysis  has  been  made  to  determine  whether  or  not 
the  usual  moment  formulas  for  continuous  beams  may  be  used  in 
the  design  of  continuous  reinforced  concrete  floors  or  beams. 
An  analysis  very  similar  to  this  has  been  made  by  P.  E.  Stevens, 
Assoc.  M.  Am.  Soc .  C.  E.,  in  Proceedings  of  the  American 
Society  of  Civil  Engineers  for  February,  1908,  Vol.  XXXIV,  No.  2. 

The  only  series  of  tests  having  any  bearing  on  the 
continuity  of  action  in  beams  known  to  the  writers  is  the  series 
made  in  the  Engineering  Laboratory  of  the  University  of  Wis- 
consin, and  published  in  Bulletin  No.  175.      The  absence  of 
reports  of  tests  in  engineering  literature  would  seem  to  indicate 
that  the  subject  has  as  yet  not  received  much  attention  from 
investigators.      Numerous  discussions  may  be  found  as  to  the 
proper  division  of  the  total  bending  moment  developed  and  the 
proper  method  of  reinforcing;  this  question,  however,  can  best 
be  settled  by  a  series  of  tests  in  which  the  bending  moment  is 
under  control  and  the  various  methods  of  reinforcing  tried  out. 
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Twenty— four  beams  were  made  in  this  series  of  tests; 
6,  8g  ft.  in  length  to  be  tested  as  simple  beams  on  an  8— ft. 
span,  and  18  beams  15  ft.  in  length  to  be  tested  with  ends  re- 
strained.     All  beams  were  8  by  9  in.  in  section;  effective 
depth  8  in.      1—8—4  concrete  was  used.      The  specimens  were 
from  30  to  70  days  of  age  when  tested.      The  tests  were  made  in 
the  Laboratory  of  Applied  Mechanics  of  the  University  of 
Illinois.      They  formed  a  part  of  the  research  work  on  concrete 
and  reinforced  concrete  being  carried  on  under  the  direction  of 
Prof.  A.  N.  Talbot,  as  a  part  of  the  work  of  the  Engineering 
Experiment  Station. 

Tt  is  recognized  that  the  tests  here  recorded  furnish 
very  inadequate  data  from,  which  to  draw  definite  conclusions  as 
to  the  value  of  this  form  of  construction  or  of  the  proper 
factors  to  be  used  in  design,  yet  it  is  hoped  that  this  series 
of  tests  may  prove  suggestive  and  emphasize  the  necessity  of 
further  experiments  of  this  nature. 

Tn  the  United  States  those  responsible  for  the 
building  regulations  of  the  principal  cities  as  well  as  many 
practicing  engineers  have  been  slow  to  appreciate  the  advantage 
or  even  to  recognize  the  presence  of  continuity  of  action  in 
monolithic  reinforced  concrete  floor  or  girder  construction. 
The  average  building  code  provides  for  the  U3e  of  reinforced 
concrete  in  much  the  same  way  as  for  timber  or  steel  which  are 
nearly  always  used  as  discreet  members.      Formulas  and  methods 
which  have  been  found  to  serve  for  designs  in  the  older  material 
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have  "been  made  to  do  duty  for  reinforced  concrete  also.  It 
has  been  assumed  that  because  beams  or  girders  are  designed 
as  simply  supported  at  the  ends  they  must  necessarily  act  as 
such.      With  a  view  to  comparing  present  practice  in  this 
country  and  Europe,  considerable  space  has  been  given  to  extracts 
from  the  building  codes  of  some  of  the  principal  American  cities, 
the  regulations  of  various  European  governments  and  to  the 
unofficial  recommendations  of  the  American  and  British  Joint 
committees  on  concrete  and  reinforced  concrete. 

The  following  order  has  been  followed;  Introduction; 
Analytical  Discussion;    Materials,  Test  Pieces  and  Methods  of 
Testing;    Experimental  Data  and  Discussion  of  Tests  of  Rein- 
forced Concrete  Beams;    Extracts  from  Building  Codes  and  Recom- 
mendations of  Various  Bodies;  Conclusions. 
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ANALYTICAL  DISCUSS I Off. 

In  a  discussion  of  continuous  reinforced  concrete 
"beams,  the  first  question  for  consideration  is  the  determination 
of  the  bending  moments.    A  method  of  determining  the  unknown 
"bending  moments  at  the  supports  is  discussed  at  length  in  text 
"books  on  mechanics  of  materials  for  "beams  of  homogeneous  ma  - 
terial  and°f  constant  cross  section,  and  will  not  "be  repeated 
here.    An  investigation,  however,  will  "be  made  to  discover  the 
applicability  of  this  method  of  analysis  to  continuous  beams 
of  reinforced  concrete.    The  analyses  above  referred  to  are 
based  on  the  elastic  curve  of  the  beam,  which  in  turn    is  based 
on  a  constant  moment  of  inertia  of  a  section  throughout  the 
entire  span.    This,  however, is  not  the  case  in  a  beam  which  is 
reinforced  for  negative  bending  moment,  except  in  special 
cases.    It  will  thereforebe  necessary  to  investigate  the 
effect  of  the  change  of  the  moment  of  inertia,  due  to  the 
amount  and  placing  of  the  reinforcement  in  the  beam,  which  in 
turn  requires  an  expression  for  the  moment  of  inertia  of  a 
reinforced  section. 

Another  assumption  used  in  the  derivation  of  the 
equations  from  which  the  moments  at  the  support  are  obtained 
is  that  the  modulus  of  elasticity  of  the  material  remains 
constant.     It  is  generally  conceded  that  this  is  not  the  case 
with  concrete,  but  that  it  varies  with  the  applied  load,  and 
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with  different  mixtures.     In  this  discussion,  however,  it  will 
be  assumed  that  the  modulus  of  elasticity  for  working  stresses 
is  constant,  hut  that  it  may  and  will  vary  with  different 
mixtures. 

ROTATION.-  The  following  notation  will  he  used, 
h    =  breadth  of  rectangular  beam. 

d  =  distance  from  compression  face  to  center  of  reinforcement 
e    =  total  depth  of  beam. 

k*  =  d/e  =  ratio  of  effective  depth  to  total  depth. 

y    =  distance  from  compression  face  to  gravity  axis. 

A    *  area  of  cross  section  of  reinforcement  at  middle  of  span. 

A*  =  area  of  cross  section  of  reinforcement  over  supports. 

p    =  A/bd  =  ratio  of  area  of  reinforcement  at  the  center  of 
of  the  span  to  the  area  of  the  concrete  above  the 
center  of  the  reinforcement. 

pf  =  A1 /bd  m  ratio  of  area  of  reinforcement  at  supports  to 
area  of  concrete  above  center  of  reinforcement. 

s  =  length  of  span. 

a  =  distance  of  the  point  of  inflection  from  support. 

n  ~  f s  —  2a)  =part  of  span  between  points  of  inflection. 

M  =  bending  moment  in  beam  between  points  of  inflection. 

M1  ■  bending  moment  in  beam  between  point  of  inflection 
and  support. 

w    =  live  load  per  unit  of  length  of  beam  uniformly 
distributed. 

w1  =  dead  loac?  per  unit  of  length  of  beam. 

w    =  (w  +  w1 ),  equals  total  load  per  unit  of  length  of  beam. 

I    ss  moment  of  inertia  of  section  of  beam  between  points  of 
inflection  in  the  same  span. 


J    =  moment  of  inertia  of  section  of  "beam  "between  point  of 


inflection  and  support. 


E„  ■  modulus  of  elasticity  of  concrete, 
c  " 

E_  =  modulus  of  elasticity  of  steel, 

n    =  EB/Ee=  ratio  of  moduli. 

r    =  total  length  of  added  flange. 


t 


dimension  of  reinforcement. 


DET ERMINAT I OH  OF  THE  MOMENT  OF  INERTIA  OF  A  SECTION 


OF  A  REINFORCED  CONCRETE  BEAM.—  To  determine  the  moment  of  inertia 
of  a  section  of  a  reinforced  concrete  "beam,  the  method  of  trans- 
formation of  section  presents  itself  as  the  logical  solution. 
By  this  method  the  reinforcement  of  the  section  is  replaced  "by 
an  area  of  concrete  equal  to  n  times  the  area  of  the  reinforce- 
ment.   The  depth  of  the  added  section  must  equal  the  dimension 
of  the  reinforcement,  and  the  gravity  axis  of  the  section  must 
also  coincide  with  the  gravity  axis  of  the  reinforcement.  The 
following  analysis  "based  on  the  above  conditions  leads  to  a 
comparatively  simple  expression. 


b 


d 


o  o  o 


r 
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Fig.  1 


Fig.  2. 


The  distance  of  the  gravity  axis  of  the  transformed 
section  from  the  outer  compression  fiber  is  determined  in  the 


usual  manner  to  be,     Fig.  1, 

beg  +  2rta         e  /l+2pnk,2N 
y    =  STbe  +  rt }'    =    7  (1  +    pnk'  }  (1} 

and  making  use  of    he  familiar  express!  on    I'  ■  I  +  ah2  found 

in  all  texts  on  mechanics,  we  may  write 

I    =  £f  ♦  be(y  -  §)■     ♦  *    rt(d-y)«  (2) 

substituting  for  £  from  equation  (1)  and  reducing  we  get  the 
convenient  formula  for  the  moment  of  inertia  of  the  section 
T    -  be<Ml      (2k'  -  l)g  pnk*)  nAte 

The  term  which  is  the  moment  of  inertia  of 

the  added  flange  about  its  gravity  axis, will  always  be  small 

in  comparison  with  the  other  term  of  the  expression  and  for 

this  reason  may  be  neglected  without  appreciable  error.  The 

formula  then  reduces  to  the  convenient  form 

t  -  be*x(l  (2k*-  l)g  pnk')  U) 
1         4  '(3    +   1  +  pnk'  J"  (4) 

Should  it  be  desired  to  neglect  the  concrete  below 

the  center  of  the  reinforcement,  we  can  do  this  by  making 

e    a    d,  in  which  case 

*•«!-! 

and  the  above  expression  becomes 

,  bd3  %(1  +  p_n  )  (f.^ 
1       1  '(3    1  +  pn)  (5) 

which  is  an  approximate  expression  for  the  moment  of  inertia 

of  the  section.    Again,  if  we  impose  the  condition  that  p    =  0 

in  equation  (4)  we  would  have  a  section  of  a  plain  concrete 
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beam  and  equation  (4)  reduces  to 

t 

12 

as  it  should,  7/hich  is  the  expression  for  the  moment  of  inertia 
of  a  rectangular  section  about  its  gravity  axis. 


THE  EFFECT  OF  AN  ABRUPT  CHANGE  OF  THE  MOMENT  OF 
INERTIA  IN  A  CONTINUOUS  BEA3K  DUE  TO  A  CHANGE  IN  AMOUNT  AND 
PLACING  OF  THE  REINFORCEMENT.-  It  is  assumed  in  this  discussion 
that  the  steel  used  at  the  support  to  provide  for  negative 
"bending  moment  is  carried  only  to  the  plane  of  the  point  of  in- 
flection, and  that  the  same  is  true  for  the  reinforcement  at 
the  "bottom  of  the  beam,  or  that  the  steel  at  the  "bottom  is  uni- 
form from  the  point  of  inflection  to  the  support. 

Let  us    now  consider  a  "beam  which  has,  for  convenience 
of  discussion,  the  elastic  curve  over  the  support  parallel  to 
the  axis  of  the  "beam,  which  is  the  case  for  a  "beam  v/ith  fixed 
ends  or  the  middle  span  of  a  continuous  beam  symmetrically 
loaded,  and  which  is  approximately  true  for  beams  and  girders 
in  monolithic  reinforced  concrete  construction.    A  beam  as 
described  may  be  considered  as  made  up  of  two  equal  cantilevers 
and  one  simple  beam.    Taking  now  the  center  of  co-ordinates 
at  the  plane  containing  the  point  of  inflection  we  have,    Fig.  3, 

k*  =  -Sf  -sjp  fa) 


Fig.  3. 

and 


dgy  wx'  whx 

EJ  dx^"    =         2    ~    ~2~  (7) 

Integrating  with  respect  to  x, 

__  dy  wx3  whx2 

EJ  dx"  =  ~  T  ~  —  +  0  <Q) 

From  the  condition  of  the  problem  when      x  =  a,  =0 


wa2h 


and  from  equation  (8) 

«>  _  wa3 

6  4 

and  the  slope  for  the  elastic  curve  for  the  cantilever  "beam  is 

dy  1  (  wx3  whx2  was  wa2h  )  /Q>, 
taEJ(-~6      -"J-    *    "6    +    ~T"  )  (9) 

For  the  simple  heam  of  span  h  we  have, 

whx,  wx? 

M    =  _     _    _  fio) 


and 


_  dgy/        whx,        wx> 2 

EI  ax,2    *    2        T"  (ii) 


Integrating  with  respect  to  l 

El|£-    =    ^  +  C"  (12) 

h 

from  symmetry,  a  condition  of  the  problem,  when  x*  =*  g"  , 
dy 

dx    =  0.  and 
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nn       whs         wh3  wh8 

and  the  slope  of  the  elastic  curve  at  any  point  between  or 
at  the  points  of  inflection  will  therefor  he, 


1  (whx,s         wx,s         wha  ) 


(13) 


dx,35  EI  (    4  6  """§¥  ) 

At  the  point  of  inflection  the  two  elastic  curves  will  have 
a  common  tangent,  hence  when 

x/  =    0    and    x    =  0 

dx    "  dx> 

equating  these  two  values  from  (9)  and  (13)  with  the  condition 
x  and  x,=  0  and  solving  we  have 


I  hs 


(14) 


J    "  4as  +  6a£h 
eliminating  h  by  the  relation 

2a    +    h    =    s  (15) 
in  equation  (14)  we  get 

I    =     (s    -    2a)8  (16) 
J         6a2 s  -  8a3 

A  solution  of  this  equation  for  a  will  give  the  distance  of 

the  inflection  point  from  the  support,  "but  as  the  algebraic 

solution  of  this  equation  would  he  rather  complicated  and  the 

results  no  doubt  too  complex  to  be  of  any  use,  a  graph  of 

equation  (16)  is  here  given  which  will  serve  the  purpose  far 

better  than  an  algebraic  solution.    This  graph  is  plotted  with 

I  a 
the  ratio  —  as  ordinates  and  ~  as  abscissa. 
J  s 

From  a  consideration  of  equation  (16)  and  its  graph 
Pig.  (  4  )  we  see  that  as  the  ratio  of  ~  becomes  less  than  unity 
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the  distance  of  the  point  of  inflection  moves  toward  the  center 
of  the  beam.     The  effect  of  this  will  be  to  increase  the  length 
of  the  cantilever  portion  of  the  beam.    The  effect  on  the  bend- 
ing moment  over  the  support  due  to  this  increase  in  the  canti- 
lever portion  will  now  be  investigated. 

It  is  evident  from  equation  (6),  that  for  x    =  a 

the  bending  moment  at  the  support  will  be 

was  wah 
M1    =    ~  ~~2  T 

As  this  expression  contains  two  variables,  one  of  which  increases 

as  the  other  decreases,  it  is  not  evident  how  the  value  of  M* 

will  vary,  but  by  use  of  equation  (15)  we  can  eliminate  the 

variable  h  and  the  expression  becomes 

waR  was 

r  .   -2  — r 

It  is  evident  from  this  equation  that  when  a  is  zero 
M'  is  also  zero,  that  is,  the  beam  becomes  freely  supported  at 
the  ends.  By  the  calculus,  the  derivitive  of  M'  with  respedt 
to  a  when  set  equal  to  zero,  gives  either  a  maximum  or  a  min— 
mum  value  for  the  variable.  Differentiating  and  setting  equal 
to  zero  we  have 

dlV  ws  - 

da"    =    wa    -    -g    =  0 

from  which 

s 

a   «  £ 

which  from  the  condition  of  the  problem  must  be  a  maximum. 

Hence  M'  varies  from  a  minimum  with  a  equal  to  zero  to  a  max— 

s 

iraum  when  a  is  equal  to  «r  an&  the  conclusion  is  that  the 
moment  at  the  support  increases  as    ~    decreases.     In  other 
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words,  as  the  amount  of  reinforcement  used  in  the  part  of  the 
beam  from  the  support  to  the  point  of  inflection  is  increased 
over  the  amount  used  at  the  middle  of  the  span,  the  "bending 
moment  at  the  support  will  be  greater  than  that  obtained  by 
the  usual  moment  equation  for  continuous  beams. 

That  the  change  in  the  bending  moment  due  to  the 
varying  of  the  reinforcement  is,  for  all  practical  purposes, 
a  negligible  quantity  can  best  be  demonstrated  by  the  consider- 
ation of  a  numerical  problem. 

From  equation  (5)  we  have  from  the  approximate  solu- 
tion for  the  moment  of  inertia  of  a  reinforced  concrete  section 

I  =  Ms  (1  +  Pn  ) 
1         4    l3      1  +  pn  ; 

_  bds  ,1  r'n  \ 
J    =  "4    f3  +  TTp'n1 

by  division  we  have 

1  (1  +  4pn)(l  +  p'n)  /,7v 
J  s  Cl    ♦  4pfn)(l    ;      pn)  .  (17) 

suppose  now,  an  extreme  case,  that  we  use  three  times  as  much 

reinforcement  over  the  support  as  we  have  at  the  center  of  the 

beam,  in  which  case 

P'     -  3P 

substituting  in  equation  (17) 

and  using  n  =  15  and  p  ■  0.01  we  get 

I        ( l+4x. 01x15 )  f  1+3X-. 01x15 )  '  7p 

1    =  ( l+4x3x. 01x15 ) ( 1+ . 01x15 )    =  u* ' * 

and  from  Fig.   (  4  )  we  find  corresponding  to  this  ratio 

£  =  0.225 
s 

and 

a  =  0.225  s 


: 
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If  we  now  assume  a  "beam  of  20  foot  span 

a    =  0.225  x  20  =  4  .5  feet, 
and  for  the  case  of   ~    e^ual  to  unity 

a'  =  0.221  s  -  0.221  x  20  =  4.42  feet 
making  a  difference  of  only 

4.5    -  4.42    =  0.08  feet 
or  lees  than  an  inch  change  in  the  point  of  inflection  for  a 
"beam  of  20  foot  span,  and  therefore  the  change  in  the  moment 
at  the  support  due  to  this  change  may,  for  all  purposes  of 
construction  "be  neglected. 
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DEFLECTION  FORMULAS.-  In  the  analytical  discussion 
of  the  deflection  of  beams  of  homogeneous  material  which  may- 
be found  in  almost  any  text  book  on  mechanics  of  materials, 
we  find  that  the  deflection  of  any  point  in  the  beam  is  depen- 
dent upon  the  bending  moment  developed,  the  material  of  which 
the  beam  is  made,  the  distribution  of  the  material  or  the  form 
of  the  cross  section  of  the  beam,  and  the  length  of  the  span, 
The  deflection  of  a  reinforced  concrete  beam,  we  would  naturally 
infer,  would  depend  upon  these  same  quantities  and  also  upon 
the  amount  and  disposition  of  the  reinforcement  and  the  age 
of  the  beam.    Any  formula  for  the  deflection  of  reinforced 
concrete  beams  which  does  not  take  these  variables  into  con- 
sideration should  be  used,  if  used  at  all,  with  caution. 

Many  building  codes  stipulate  that  reinforced  con- 
crete construction  must  fulfil  certain  requirements  as  to  the 
maximum  amount  of  deflection  allowable,  and  this  is  usually 
expressed  in  terms  of  the  span,  and  the  span  only,  such  as 
the  requirement  that  the  deflection  shall  not  exceed  1/700 
of  the  span  as  found  in  the  building  code  of  Chicago.  Cer- 
tain coefficients  of  the  span  may  be  developed  but  they  are 
applicable  only  for  cases  similar  to  the  one  for  which  the 
coefficient  was  deduced  and  a  general  application  to  any  and 
all  conditions  would  be  erroneous,  as  is  also  a  coefficient 
found  from  tests  of  certain  kinds  of  construction  and  under 
certain  conditions.     It  is  evident  that  a  coefficient  which 
will  apply  to  a  deep  beam  or  girder  would  not  be  applicable 
to  a  shallow  one  and  vice  versa. 
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From  a  study  of  the  load-deflection  diagrams  for 
beams  reported  in  Bulletins  JTo.  4  and  Ho,  29  of  the  Univer- 
sity of  Illinois  Engineering  Experiment  Station  we  find  that 
for  low  loads  the  deflection  graph  is  nearly  a  straight  line, 
and  as  greater  loads  are  applied  the  graph  becomes  more  and 
more  curved.    This  may  be  explained  in  part  as  follows:  as 
the  load  is  applied  the  concrete  in  tension  at  the  middle 
of  the  beam  cracks  and  as  the  load  is  increased  the  cracks 
extend  toward  the  neutral  axis  of  the  beam  and  others  appear 
toward  the  ends  of  the  beam.    This  breaking  of  the  concrete 
in  tension  increases  more  rapidly  as  the  load  is  increased 
and  thus  causes  an  increase  in  the  deflection  greater  than 
that  which  would  ordinarily  occur  and  thus  producing  a  curved 
graph.     That  this  is  true  is  evidenced  by  the  fact  that  in 
a  beam  tested  by  repetitive  loading  after  the  first  application: 
and  release  of  load,  the  load— deflection  diagram  is  practically 
a  straight  line  within  the  working  limits  of  the  material. 

The  proposed  formula  is 


where  v/  is  the  maximum  deflection,  Q  a  coefficient  depending 
upon  the  method  of  loading  and  the  condition  of  the  ends  of 
the  beam,  W  the  total  load  on  the  span,  E  the  modulus  of  elas- 
ticity of  steel,  n  the  ratio  of  the  moduli  of  steel  to  concrete 
and  Lj.  the  moment  of  inertia  of  the  transformed  section  as 
given  by  equations  (4)  or  (5).     In  this  formula  the  proper 
value  of  n  to  be  used  is  dependent  upon  the  mixture  and  the 
age  of  the  concrete.    For  a  1—2—4  and  1—3—6  mixture  at  60  days 
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or  over  use  n  equal  to  15  and  20  respectively.     It  is  to  "be 

noticed  that  this  formula  is  derived  by  multiplying  the  usual 

deflection  formulas  for  "beams  of  homogeneous  materials  by  the 
nX 

ouantity    "zr~    where  n  and  L.  are  the  quantities  as  described 
and  I  is  the  moment  of  inertia  as  in  the  usual  deflection 
formula. 

In  Fig.  (  5  )  are  shown  several  load— deflection 
diagrams  selected  at  random  from  tests  made  at  the  university 
of  Illinois  Engineering  Experiment  Station  and  plotted  in 
black.     In  red  are  given  the  deflection  graphs  from  the  pro- 
posed formula,  the  dashed  line  representing  the  deflections 
obtained  by  using  for  I^the  value  obtained  from  equation  (4) 
while  the  full  line  represents  deflections  obtained  by 
using  the  value  of  1^  obtained  from  equation  (5). 
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MOMENT  DIAGRAMS. 

From  a  theoretical  consideration  of  a  continuous  beam 
we  find  the  bending  moment  developed  to  be  directly  dependent 
upon  the  method  of  loading,  the  condition  of  the  ends  and  the 
length  of  the  span.      Knowing  these  conditions  we  are  therefore 
able  to  deduce  expressions  for  the  bending  moments  for  a  theo- 
retical beam.      In  reinforced  concrete  construction  of  the  mono- 
lithic type  the  determination  of  the  bending  moment  produced  by 
a  known  load    can  not  be  so  accurately  made. ,      First,  the 
condition  of  Lhe  ends  can  only  be  approximated.      The  actual  con- 
dition will  be  somewhere  between  freely  supported  and  fixed  ends, 
t'ae  degree  of  fixedness  varying  with  the  different  methods  of 
construction.      Second,  a  twisting  effect  may  easily  be  produced 
in  a  beam  or  girder  due  to  an  unequal  01  unsymmetric  distribution 
of  the  live  load.      Third,  lateral  restraint  due  to  the  floor 
construction  used  will  also  be  a  factor  in  the  bending  moment 
produced.      These  conditions  all  enter  into  and  affect  the  bend- 
ing moment  produced  in  the  beam,  and  therefore  the  proper  dis- 
tribution of  the  total  moment,  into  positive  and  negative  bending 
moment  becomes  problematical. 

If  continuous  beams,  girders  or  floors  are  designed  for 
a  uniform  live  load,  over  the  entire  beam,  it  is  evident  from 
an  inspection  of  Fig.  6    to  29  inclusive,  that  the  greatest 
moment  which  may  be  produced  in  the  beam,  girder  or  floor  has  not 
been  provided  for.      In  all  the  diagrams,  Fig.  13  to  16,  and 
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Fig.  24  to  29,  inclusive,  the  ends  have  here  been  considered  as 
freely  supported  as  this  consideration  will  produce  a  bending 
moment  greater  than  that  which  actually  exists.      In  diagrams 
Fig.  24  to  29  the  load  distribution  is  as  indicated.      The  dead 
load  plus  a  live  load  equal  to  two  times  the  dead  load  is  con- 
sidered as  acting.      The  distribution  and  maximum  amount  of 
bending  moment  in  each  case  is  an  interesting  study.      A  detailed 
discussion  of  these  moment  diagrams  will  not  be  here  given  as 
the  diagrams  are  self  explanatory. 

It  will  be  interesting  to  note  that  the  greatest 
negative  bending  moment  is  obtained  in  the  case  of  four  equal 
spans,  when  the  two  adjacent  end  panels  are  loaded,  Fig.  26, 

and  its  value  is  —  — — -  wl2,  and  for  a  beam  of  three  equal  spans 

9.1  - 

the  maximum  is  found  to  be  -  g  _wl2  for  the  two  adjacent  end  spans 

fully  loaded,  Fig,  13.      The  maximum  positive  moment  in  case  of 

four  equal  spans  is  found  to  be  jj-  wl*  for  the  loading  as  shown 

in  Fig.  25  and  for  a  continuous  beam  of  three  equal  spans  is 

— — -    wl8,  Fig.  16.      A  comparison  of  these  moments  with  Fig.  1? 
10.6  — 

and  8  show  them  to  be  slightly  greater  than  for  the  condition  of 
the  entire  beam  fully  loaded, 

If  we  now  take  into  consideration  the  fact  that  in 
monolithic  construction  the  ends  of  the  beams  and  girders  will  be 
restrained,  and  the  lateral  restraint  due  to  floor  construction 
tends  to  stiffen  the  beam  it  would  seem  proper  that  a  reduction 
of  these  moments  may  be  made  and  still  amply  provide  for  the 
bending  moment  produced.      It  sould  seem  to  the  writers  that  when 
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the  facts  as  stated  are  considered  in  connection  with  the 
accompanying  diagrams  that  the  use  of  — •  wl8  for  positive  and 
negative  bending  moments  in  the  end  panel,  and  ™  wl8  for 

1  c 

positive  and  negative  bending  moments  in  all  other  panels  will 
amply  provide  for  the  moments  developed  in  ordinary  cases.  For 
the  case  of  a  beam  continuous  over  two  equal  panels  only,  ™  wl8 
should  be  used. 


MOMENT  DIAGRAM?  FOR  CONTINUOUS  BEAMS 


Fig.  7. 
Live  load  only  considered. 


24 


29 


30 


CO 

g  CO  OS 

d  CD  cd 

u  s 

d  P  CO 

•H  Jh 

7d  o  0) 

p  -p  1-t 

C  CO 
(DOC! 

3  p  o 

o  o 


03 


il)  CO 

0)  3  in 

CO 

d 

■p  «d  o 

C  O 
h  H 

d 

CO  CD 
•H 

(— i  a> 

Oj  P 


0)  tS 
&  © 
P  V. 
(D 

P  «H 

•H  CO 
5  C 
o 
t>>  o 

co  bO 

O  *H 
CD  "d 

G  d 
d  o 
p  h-3 


CD 


3 

a 

co  d  o 

O  i~i 
50  rH  "d 

a  c 

t)  >d  «h 
p  d 

O  0)  K> 

d  d 


so 


CO 
CO 


MATERIALS,  TEST  SPECIMENS  AND  METHODS  OF  TESTING. 


Materials 

The  materials  used  in  making  the  reinforced  concrete 
beams  was  the  same  as  that  used  for  other  tests  of  concrete  and 
reinforced  concrete  made  by  the  Department  of  Theoretical  and 
Applied  Mechanics  of  the  Engineering  Experiment  Station  during 
the  season  1908—9.      All  material  except  the  steel  was  purchased 
in  the  open  market,  and  is  considered  representative  of  the 
materials  used  in  the  best  class  of  reinforced  concrete  work  in 
this  section  of  the  country. 

Cement .—  Chicago  AA  portland  cement  was  used  in  all  the 
specimens.      It  was  purchased  from  a  local  dealer.      Tensile  tests 
of  the  cement  are  given  in  Table  2. 

Table  2. 
TENSILE    STRENGTH    OF  CEMENT. 

Test  Ultimate  Strength,  lb.  per  sq.  in. 

No .  7  days  28  days 


Neat 

1-3 

Neat 

1-3 

1 

742 

205 

783 

270 

2 

716 

232 

807 

306 

3 

288 

333 

4 

725 

176 

768 

254 

These  tests  were  made  according  to  standard  methods  at 
the  Cement  Laboratory  by  the  assistant  in  charge  of  this  work. 
Standard  Ottawa  sand  was  used  in  all  the  tests  except  No.  3  In 
Test  No,  3,  the  cement  was  from  the  same  sample  as  No.  2,  but  the 


sand  was  the  same  as  that  used  in  the  concrete.      Each  value 
given  is  the  average  of  five  briquette  tests.      The  samples 
were  taken  at  intervals  throughout  the  season,  and  are  considered 
representative  of  the  entire  lot  of  cement.      Table  3  gives 
fineness  test  of  this  cement. 

Table  3. 
FINENESS    TESTS    OF    CEMENT . 

Sieve  No .        Percent  Passing 

75  97.5 
100  92.8 
800  74,7 


Sand .—  The  sand  used  was  washed  bank  sand  from  near 
the  Wabash  river  at  Attica,  Indiana.    It  was  what  is  commonly 
known  as  torpedo  sand,  passing  a  i— in.  screen.      The  washing 
process  removed  most  of  the  clay  and  other  soft  materials  which 
are  frequently  found  in  bank  sand.      The  results  of  mechanical 
analyses  are  given  in  Table  4. 
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Table  4. 
MECHANICAL    ANALYSES     OF  SAND. 
(Average  of  18  Samples) 


Sieve  No.      Separation  Size  of  Screen      Percent  Passing 

inches 


3 

99.7 

5 

.174 

95.9 

10 

.091 

76.9 

IS 

.067 

69.8 

16 

61.9 

18 

.043 

51.6 

30 

.027 

27.0 

40 

.019 

16.9 

50 

.013 

5.8 

74 

.009 

3.1 

150 

0.8 

The  values  given  are  the  averages  from  18  samples  taken 
at  intervals  throughout  the  season.      The  samples  were  thoroughly 
dried  in  a  steam  oven  "before  screening.      The  sand  weighed  about 
100  lb.  per  cu.  ft.  dry,  and  loose  and  contained  about  48.5$ 
voids.      The  voids  were  determined  by  slowly  pouring  the  dry 
material  into  a  metal  box  containing  enough  water  to  submerge 
the  sand  at  all  times.      The  results  previously  obtained  in  our 
experience  with  this  sand  show  it  to  be  of  excellent  quality  for 
concrete . 

Stone .—  The  coarse  aggregate  consisted  of  crushed 
limestone  purchased  from  the  McLaughl in-Mat eer  Co  .  of  Kankakee, 
Illinois.      It  was  what  is  commonly  known  as  "No.  1,  Kankakee 
limestone",  passing  a  1-in.  screen  and  retained  on  a  J— in.  screen 
The  stone  used  in  some  of  the  later  beams  was  finer  and  softer 
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than  that  used  in  most  of  the  "beams.      Sieve  analyses  of  the 
stone  are  given  in  Table  5.      The  values  given  are  the  average 
of  22  samples  taken  at  intervals  throughout  the  season.  The 
stone  weighed  about  83  lb.  per  eu.  ft.  loose,  and  contained 
about  46  .5%  voids. 

Table  5, 

MECHANICAL    ANALYSES    OF  STONE. 


Sieve  Size  of  Square  Opening      Percent  Passing 

inches 


3/4  0.75  87.9 

1/2  0.52  51.0 

3/8  0.38  29.4 

No,  3  0.30  13.6 

No.  5  0.17  1.7 

No. 10  0.09  0.9 


Steel .—  Two  qualities  of  steel  were  used — round  open- 
hearth  mild  steel  supplied  for  these  tests  by  the  Illinois  Steel 
Co.,  Chicago;  and  high— carbon  corrugated  rounds  and  mild  steel 
corrugated  squares  furnished  by  the  Corrugated  Bar  Co.,  St. Louis. 
The  results  of  tensile  tests  of  this  steel  are  given  in  Tables  6 
and  7.      The  test  pieces  were  cut  from  the  ends  of  the  bars  used 
in  some  of  the  beams  and  are  thought  to  be  representative  of  the 
entire  lot. 

Concrete .-  A  1—2—4  mixture  of  concrete  was  used  in  all 
the  test  pieces.      The  proportioning  was  done  by  hand— buckets  and 
all  material  wa3  weighed  in  order  to  obtain  an  independent  check 
on  the  quantities  for  each  batch.      The  concrete  was  mixed  by 
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Table  6. 

TENSION  TESTS  OF  PLAIN  ROUND  STEEL  USED  IF  REINFORCED 

CONCRETE  BEAMS. 
(Representative  tests  showing  variation  in  values) 


Nominal 


Size  of 

Diameter 

Yield  Point 

Ultimate  strength 

Per  oejit 

Round 

inches. 

lb. per  sq.in. 

lb.  per  sq.in. 

Elongation 

Bar. 

in  8  in. 

1/2  in. 

0-.  506 

38 

300 

59 

300 

25 

0 . 508 

35 

600 

56 

800 

30 

0-.507 

35 

700 

57 

000 

27 

0-.  508 

37 

500 

56 

400 

30 

0*.  506 

37 

800 

58 

30C 

29 

0-.  508 

37 

000 

58 

400 

27 

0.507 

38 

700 

61 

25 

0 .  507 

36 

700 

58 

000 

28 

0.505 

37 

400 

56 

900 

28 

0.507 

36 

700 

56 

500 

31- 

Average 

37 

140 

57 

860 

28.0 

5/8  in. 

0'.  628 

33 

600 

51 

400 

33 

0.627 

38 

200 

60 

500 

15 

0-.622 

34 

300 

52 

500 

32 

0.628 

34 

800 

54 

100 

34 

0'.  619 

32 

900 

48 

900 

36 

0,633 

33 

500 

51 

200 

31 

0'.  629 

32 

900 

50 

900 

33 

0*.  625 

33 

100 

51 

600 

36 

0-.623 

33 

300 

51 

900 

34 

0.623 

33 

200 

51 

800 

28 

Average 

33 

900 

52 

480 

31.2 

3/4  in. 

0-.75  0 

43 

000 

66 

300 

29 

0-.750 

38 

000 

62 

500 

31 

0-.750 

39 

400 

65 

200 

31 

0,753 

41 

300 

66 

000 

28 

0.747 

38 

300 

63 

400 

31 

0.752 

37 

800 

62 

300 

30 

0-.  750 

36 

200 

56 

600 

35 

0-.751 

36 

100 

57 

400 

35 

0 . 750 

40 

300 

63 

800 

30 

Average 

0.755 

37 

200 

59 

300 

30 

3? 

760 

62 

280 

31.0 

39 


Table  7. 

TENSION    TESTS     OF     CORRUGATED    BARS  USED 
IN    REINFORCED    CONCRETE  BEAMS 
(Representative  tests  showing  variations  in  values) 


Nominal 
Size  of 
Bar. 
inches 


Yield  Point 
lb.  per  sq.  in. 


Percent 

Ultimate  Strength  Elongation 
lb.  per  sq.  in.      in  8  in. 


s,  square, 
corrugated 


Average, 


44  800 

46  800 
44  800 
48  800 

47  600 
50  700 
44  800 
46  000 

46  800 


74  400 

73  200 

74  000 

79  000 
77  000 

80  500 
74  100 
72  500 

74  350 


21 
17 
18 

23 
18 
15 
15 

18.2 


g,  round, 

corrugated 


Average, 


60  300 

57  200 

54  500 

58  4C0 

55  700 
58  000 
57  400 

57  500 

56  200 

58  200 

57  300 


105  000 
104  000 

100  000 
104  000 

101  000 
103  000 

103  000 
107  000 
107  000 
109  000 

104  300 


13  .0 
16.5 
18 

10.5 
16.0 
13.5 
12.5 
10.0 
14.0 
11.0 

13.5 
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hand  with  shovels.      The  mixing  was  done  by  men  of  long  experience 
in  mixing  concrete  for  test  specimens  and  in  practical  work.  This 
was  the  fourth  season  for  one  man  doing  the  work  of  mixing  and 
the  third  season  for  another.      The  concrete  was  mixed  directly 
on  the  cement  floor  of  the  Laboratory.      The  sand  was  first 
weighed  and  spread  in  a  uniform  layer  on  the  floor,  care  being 
taken  to  use  sand  as  dry  as  possible.      After  weighing  the  cement 
it  was  spread  uniformly  over  the  sand.      The  dry  sand  and  cement 
was  then  turned  by  two  men  working  on  opposite  sides  of  the  pile, 
four  or  five  time 3  until  the  materials  were  thoroughly  mixed. 
Before  the  stone  was  used,  it  was  thoroughly  wet  from  a  hose. 
After  measuring  and  weighing  the  stone,  it  was  dumped  over  the 
dry  mortar  mixture  and  spread  out  uniformly.      This  mixture  was 
then  turned  twice  before  more  water  was  added,  which  was  suffi- 
cient to  cause  the  damp  stone  to  be  thoroughly  coated,  with  the 
dry  mortar  mixture.      After  making  a  crater— like  mass  of  the  par- 
tially mixed  concrete,  the  required  amount  of  water  was  added  and 
the  mass  turned  two  or  three  times,  or  until  all  was  thoroughly 
mixed  and  uniform  in  appearance.      A  fairly  wet  mixture  was  used. 
The  amount  of  water  required  was,  generally,  roughly  equal  to 
the  cement,  measure  for  measure.      Usually,  only  enough  concrete 
was  mixed  for  one  beam  and  the  auxiliary  test  pieces  which 
accompanied  it.      In  making  some  of  the  beams  to  be  tested  on  an 
8— ft.  span,  enough  concrete  was  mixed  in  one  batch  to  make  two 
beams. 
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Test  Specimens . 

The  reinforced  concrete  beams  were  8  "by  9  in.  in 
section,   (8  in.  to  the  center  of  the  steel  measured  either  from 
the  top  or  bottom  of  the  beam)  and  8|  or  15  ft.  long.  The 
8j§-ft.  beams  were  tested  as  simple  beams  on  an  8— ft,  span.  The 
15-ft.  beams  were  tested  with  ends  overhanging  the  supports, 
either  by  uniformly  distributed  or  concentrated  loads.        Two  of 
these  beams  were  tested  with  the  overhanging  ends  anchored  to 
the  bed  of  the  testing  machine.      The  middle  span  for  the  15-ft. 
beams  was  8  ft. 

Beams  of  a  smaller  section  were  used  for  these  tests 
than  have  generally  been  used  in  tests  of  reinforced  concrete 
beams  made  by  the  Engineering  Experiment  Station.      This  was 
necessary  in  order  to  obtain  a  beam  with  not  too  great  depth  for 
the  length  of  span  that  could  be  used  for  the  tests  on  beams  with 
overhanging  ends. 

Six  beams  8g  ft.  long  and  18  beams  15  ft.  long  were 
made.      For  the  specimens  to  be  loaded  as  simple  beams  of  8  ft. 
span,  the  steel  was  cut  8  ft.  3  in.  in  length  and  laid  flat 
throughout.      The  reinforcement  of  the  overhanging  ends,  in  the 
beams  in  which  the  steel  was  all  straight,  was  cut  5  ft.  long 
and  was  placed  8  in.  above  the  bottom.      The  ends  of  the  bars 
were  6  in.  from  the  ends  of  the  beam,  and  hence  extended  about 
6  in.  beyond  the  points  of  inflection  of  the  middle  span.  For 
the  beams  to  be  tested  with  overhanging  ends,  in  which  the  bars 
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were  laid  straight,  the  steel  for  the  reinforcement  of  the 
middle  span  was  cut  3  ft.  6  in.  long,  thus  overlapping  the  points 
of  support  3  in.      Tn  the  15— ft,  beams  in  which  the  bars  were 
bent  up,  the  total  length  of  the  bars  was  15  ft. 

The  dimensions  of  the  beams  and  the  data  on  the  kind 
and  disposition  of  the  reinforcement  are  given  in  Tables  9  and  10. 

The  beams  were  made  directly  on  the  cement  floor  of  the 
Concrete  Laboratory.      Ordinary  knock— down  wooden  forms  were  used. 
A  strip  of  building  paper  under  the  forms  prevented  adhesion  of 
the  beams  to  the  floor. 

A  thin  layer  of  concrete  was  first  spread  over  the 
bottom  of  the  -form  and  the  steel  which  formed  the  bottom  rein- 
forcement was  placed  8  in.  below  the  top  of  the  form.  The 
concrete  was  then  placed  in  layers  of  about  3  in.  thickness. 
Each  layer  was  tamped  over  twice  and  spaded  back  from  the  form. 
A  thin  mortar  coat  was  put  on  the  top  of  the  beam  in  order  to 
give  a  more  uniform  loading  surface. 

The  forms  were  allowed  to  remain  in  place  ?  days.  The 
temperature  of  the  room  in  which  the  test  pieces  were  made  and 
stored  varied  from  about  60°  to  70°  F.      In  order  to  prevent  too 
rapid  drying  out,  the  beams  were  wet  occasionally  from  a  hose. 
The  beams  were  not  removed  from  the  place  where  they  were  made 
until  they  were  hauled  to  the  Materials  Testing  Laboratory  to  be 
tested , 

The  test  beams  were  made  at  intervals  from  January  83 
to  April  23,  1909.      The  specimens  were  made  in  pairs,  generally 
the  two  beams  of  a  pair  were  made  at  different  dates. 
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Auxiliary  Concrete  Test  Pieces .-  From  each  batch  of 
concrete  mixed,  three  6— in.  cubes  and  a  plain  concrete  beam, 
6  by  8  in.  in  section  and  40  in.  long,  were  made.      The  cubes 
were  tested  in  compression,  and  the  beams  in  cross—breaking, 
on  a  span  of  36  in.  by  lottds  applied  at  the  1/3  points.  The 
cubes  were  stored  in  damp  sand,  while  the  beams  were  stored  in 
the  open  air.      These  tests  were  made  at  about  the  same  age  as 
the  corresponding  beams.      The  compressive  strength  and  the 
modulus  of  rupture  obtained  from  these  auxiliary  test  specimens 
gave  independent  checks  on  the  quality  of  the  concrete  used  in 
each  batch.      The  results  of  the  auxiliary  tests  of  concrete  are 
given  in  Table  8 . 

Methods  of  Testing. 

Preliminary  Tests  on  Continuous  and  Restrained  Beams .— 
In  order  to  gain  familiarity  with  the  problems  to  be  encountered 
and  to  test  the  apparatus  and  methods  to  be  used  in  the  tests  on 
reinforced  concrete  beams  some  preliminary  tests  on  wood  and 
steel  beams  were  made . 

The  first  test  was  on  a  4  by  4  in.  pine  timber  about 
20  ft.  long.      It  rested  on  four  roller  supports  and  was  loaded 
by  four  equal  concentrated  loads  on  each  of  the  three  spans  of 
6  ft.,  as  shown  on  the  photograph,  Fig.  30.      Measurements  of  the 
deflections  of  one— half  of  the  middle  span  were  taken  at  intervals 
of  about  4  in.  by  means  of  the  instruments  shown  on  photograph 
Fig.  31.      The  results  of  this  test  made  it  evident  that  it  would 
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Table  8 . 
AUXILIARY  TESTS     ON  CONCRETE. 
1—2—4  Concrete. 

Concrete  as      Plain  Concrete  Beam  6~in.  Concrete  Cubes 

in  Beam  No.     (6x8x36  in.  )    Age  at  Crushing  Strength       Age  at 

Modulus  of        Test  lb.  per  sq.  in.  Test 

Rupture  days  days 

lb.  per  1       2        3  Av. 

sq.  in. 


141 

and  147 

220 

61 

942 

1020 

892 

951 

63 

142 

and  152 

1290 

1270 

1350 

1303 

56 

146 

and  151 

250 

43 

1725 

2015 

2170 

1970 

64 

112 

268 

49 

113 

318 

52 

2560 

2710 

2540 

2603 

53 

115 

282 

56 

1435 

1810 

1475 

1573 

57 

116 

215 

46 

820 

910 

790 

84C 

33 

121 

247 

59 

1560 

1495 

1580 

1545 

60 

122 

1580 

1572 

1570 

1574 

71 

127 

234 

30  . 

942 

1020 

892 

951 

38 

128 

215 

30 

889 

712 

839 

813 

30 

131 

238 

56 

129 

254 

74 

1745 

1695 

1725 

1722 

62 

136 

280 

74 

1555 

1505 

1660 

1573 

62 

161 

234 

61 

1155 

1190 

1000 

1115 

63 

162 

239 

54 

1300 

1910 

1775 

1662 

56 

166 

165 

30 

895 

950 

958 

934 

30 

171 

215 

47 

1020 

935 

985 

980 

33 

1?2 

164 

28 

550 

512 

608 

557 

28 

176 

148 

28 

6  50 

715 

725 

697 

28 
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not  be  practicable  to  attempt  to  load  reinforced  concrete  beams 
continuous  over  four  supports,  as  had  been  intended,  on  account 
of  the  flexibility  of  the  weighing  table  of  the  testing  machine. 
In  this  test  the  deflection  of  the  end3  of  the  table  of  the 
testing  machine  under  load  was  sufficient  to  throw  the  points  of 
inflection  of  the  middle  span  several  inches  from  the  position 
computed  for  them  according  to  the  usual  methods.      This  con- 
dition would  have  given  much  more  untrustworthy  results  in  the 
tests  of  reinforced  concrete  beams. 

A  7 -in.  by  15— lb.  I-beam  was  loaded  on  a  spring  cushion 
in  order  to  determine  the  effect  of  this  kind  of  loading.  The 
springs  were  placed  on  the  table  of  the  testing  machine,  in  pairs, 
at  intervals  of  12  in.      The  load  was  applied  in  this  case  to  the 
upper  side  of  the  beam  at  two  points  8  ft.  apart.      The  uniformly 
distributed  load  represented  by  the  spring  cushion  extended  over 
a  length  of  15  ft.      The  results  of  this  test  were  not  satis- 
factory, as  it  showed  negative  bending  moment  over  nearly  the 
entire  middle  span,  instead  of  a  positive  bending  moment  at  the 
middle  of  the  span  one-half  that  at  the  support.      The  bending 
moments  existing  at  various  points  was  estimated  from  the  corres- 
ponding deflections. 

A  later  test  on  the  same  I— beam  in  which  the  load  was 
applied  at  the  one— third  points  of  the  8  ft.  middle  span  and  at 
the  ends  of  the  two  overhanging  portions  in  such  a  way  as  to  give 
a  bending  moment  at  the  middle  equal  to  one— half  that  at  the 
support,  gave  very  consistent  results.      The  method  of  applying 
the  load  in  this  test  is  shown  schematically  in  Fig.    32.  The 
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measured  deflections  are  platted  in  Fig.  32.      This  was  the 
method  later  used  in  loading  most  of  the  reinforced  concrete 
beams,  as  the  deflection  of  the  test  beam  was  found  to  be  alto- 
gether independent  of  the  deflections  of  the  machine  table  and 
seemed  to  be  the  only  way  that  such  beams  could  be  satisfactorily 
loaded  with  the  apparatus  available. 

Methods  of  Testing  Reinforced  Concrete  Beams .-  The  load 
was  applied  to  the  reinforced  concrete  test  beams  in  various  ways 
The  simple  beams  were  tested  either  by  two  concentrated  loads 
applied  at  the  one-third  points  of  the  span  or  by  a  series  of  con- 
centrated loads  applied  through  a  nest  of  springs.        The  latter 
method  approached  a  uniformly  distributed  load  as  long  as  the 
deflection  of  the  beam  was  inappreciable  as  compared  with  the 
total  closure  of  the  springs.      A  similar  variation  in  the  loading 
was  used  for  the  beams  tested  with  ends  overhanging.      Beams  No. 
129  and  136  were  loaded  with  overhanging  ends  anchored  to  the 
bed  of  the  testing  machine  in  such  a  way  as  to  hold  the  ends  in 
a  fixed  position.      The  beams  were  made  with  three  1— in.  holes 
vertically  through  the  ends  of  the  beam  and  about  IE  in.  apart. 
J— in.  bolts  were  used  to  anchor  the  beam  to  the  testing  machine. 
This  arrangement  is  shown  on  the  photograph  of  Beam  No.  129, 
Fig.  3     and  in  top  sketch,  Fig.  36.      The  method  of  loading  of 
each  beam  is  given  in  Table  12,  and  is  shown  for  some  of  the 
beams  in  the  photographs. 
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The  preliminary  tests  and  some  of  the  tests  of  rein- 
forced concrete  beams  showed  that  the  table  of  the  testing  machine 
was  not  sufficiently  rigid  to  make  the  results  of  the  tests  of 
restrained  beams  loaded  on  a  spring  cushion  reliable,  hence  this 
method  was  not  used  for  as  many  beams  as  had  at  first  been  in- 
tended.     Measurements  of  the  deflection  of  the  ends  of  the 
weighing  table  of  the  testing  machine  showed  that  it  deflected 
sufficiently  to  materially  affect  the  measurements  on  the  position 
of  the  points  of  inflection  of  the  test  beam. 

In  the  tests  of  simple  beams,  the  beams  were  supported 
at  the  ends  in  their  normal  position  and  the  load  was  applied  to 
the  top  surface  either  at  two  points  through  turned  rollers,  or 
at  several  points  through  springs.      The  springs  used  were  light 
car-springs  made  of  £-in.  wire,  5  in.  outside  diameter,  and  about 
7  in.  long.      These  springs  required  a  load  of  about  2000  lb.  each 
and  a  movement  of  about  2  in,  to  close  them.        They  were  used  in 
pairs  in  these  tests,      A  light  steel  plate  about  5  by  i-in. 
served  to  distribute  the  load  of  each  pair  of  springs  across  the 
surface  of  the  beam.      In  the  tests  in  which  the  springs  were 
used  to  distribute  the  load,  the  beams  were  turned  bottom  side 
up;  i.e.,  the  tensile  reinforcement  of  the  middle  portion  of  the 
beam  was  near  the  top  surface.      In  the  tests  in  which  concen- 
trated loads  were  used,  the  supports  rested  directly  on  the 
machine  bed.      The  arrangements  described  are  shown  in  the  photo- 
graphs and  are  indicated  also  in  the  sketches  which  accompany  the 
notes  on  the  tests.      The  proportional  amount  of  the  loads  in  the 
tests  in  which  concentrated  loads  were  used  is  also  indicated. 
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The  loads  were  applied  to  the  "beams  through  turned 
steel  rollers  resting  in  cast-iron  plates  with  machined  surfaces. 
This  arrangement  gave  entire  freedom  to  the  beam  and  allowed  it 
to  adjust  itself  under  the  load.      The  plates  rested  on  two 
layers  of  thick  rubber  belting  which  furnished  a  cushion  for  the 
loads  and  counteracted  the  effect  of  rough  or  uneven  surfaces. 
A  heavy  steel  I-beam  carried  the  load  from  the  machine  head  to 
the  load  points. 

A  200  000— lb.  0l3en  beam-testing  machine  was  used  for 
all  the  beam  tests.  The  load  was  applied  at  the  rate  of  about 
1  000  lb.  per  minute. 

In  the  test  of  Beam  No.  121,  deflections  were  measured 
by  a  thread-mirror-scale  apparatus.      For  the  other  tests,  a  more 
accurate  and  more  reliable  method  was  used.      This  consisted  of 
a  number  of  extensometers,  mounted  on  a  wood  bar  which .extended 
the  full  length  of  the  beam,  being  supported  by  single  steel 
points  over  the  beam  supports.      The  instruments  were  held  fixed, 
while  the  movement  of  the  beam  past  the  carrying  bar  was  trans- 
mitted to  the  instruments  by  means  of  brackets  of  band  iron 
attached  by  plaster  of  paris  to  the  side  of  the  beam.  Measure- 
ments were  taken  on  one  side  of  the  beam  only.      The  instruments 
were  placed  at  points  where  it  was  desired  to  read  the  deflection. 
In  some  of  the  tests  as  many  as  13  instruments  were  used.  These 
instruments  were  manufactured  by  the  A.  C.  Ames  Co.,  Waterbury, 
Conn.      These  instruments  are  well  shown  in  Fig.  31.  The 
movement  of  a  vertical  plunger  i3  transmitted  to  a  pointer  moving 
over  a  graduated  dial.      This  instrument  could  be  read  direct  to 
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0.001  in.  and  with  fair  accuracy  to  0.0001  in.      Tt  was  admirably 
suited  to  these  tests  on  account  of  its  sensitiveness,  reliability 
and  great  ease  of  manipulation. 

Tests  of  Auxiliary  Concrete  Specimens.-  The  6-in, 
concrete  cubes  were  tested  in  compression  in  a  100  000-lb. 
Riehle  testing  machine.      Before  testing,  they  were  bedded  in 
plaster  of  paris,  in  order  to  give  a  more  uniform  bearing  on  the 
loading  surfaces.      The  loading  surfaces  were  the  bottom  and  top 
faces  as  they  were  tamped  in  the  forms,      A  spherical  bearing 
block  was  used  in  all  the  tests.      Three  test  cubes  were  made 
from  the  concrete  of  each  batch. 

The  control  beams  of  plain  concrete  were  tested  in  a 
100  000-lb.  Olsen  machine,  the  slowest  speed  of  the  machine, 
about  1/50  in.  per  minute  being  used.      The  beams  were  tested  on 
a  span  of  36  in.      The  end  supports  consisted  of  rounded  metal 
blocks  which  rested  on  a  timber  4  by  6  in.  in  section,  carried 
by  the  weighing  table  of  the  testing  machine.      The  load  was 
transmitted  to  the  beam  through  a  small  steel  T— beam  and  plates 
and  rollers,  to  the  one— third  points  of  the  span,      From  the 
breaking  loads  obtained  in  these  tests,  the  modulus  of  rupture 
of  the  concrete  was  computed. 

The  cubes  and  control  beams  were  tested  at  about  the 
2  age  as  the  corresponding  beams.      The  values  obtained  from 
the  auxiliary  tests  are  given  in  Table  8. 
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EXPERIMENTAL  DATA  AND  DISCUSSION 
OF  TESTS  OF  REINFORCED  CONCRETE  BEAMS . 

In  order  to  approach  the  conditions  which  exist  in 
pruetice,  the  "beams  were  designed  to  be  loaded  in  such  a  manner 
as  to  make  the  bending  moment  over  the  supports  equal  to  twice 
the  maximum  bending  moment  in  the  mid-span.      The  sketches, 
Fig.  33  to  37,  give  details  of  the  dimensions  and  disposition  of 
the  reinforcement  of  the  beams. 

Twenty— four  reinforced  concrete  beams  were  made;—™ 
6,  8k  ft.  in  length  and  18,  15  ft.  in  length.      Beams  No.  126 
and  17  2  were  accidently  broken  before  being  tested.      All  the 
8^-ft.  beams  were  tested  as  simple  beams  on  an  8— ft.  span.  Of 
the  15— ft .  beams,  two— Beams  No.  129  and  136— were  loaded  with 
the  overhanging  ends  anchored  to  the  bed  of  the  testing  machine, 
while  the  load  was  applied  to  the  middle  span  only;     the  remain- 
der were  tested  by  loading  the  middle  span  and  the  overhanging 
ends  through  a  number  of  springs  or  by  four  concentrated  loads 
applied  at  the  one— third  points  of  the  mid— span  and  near  the  ends. 

The  test  beams  were  made  at  intervals  from  January  23 
to  April  23,  1909.      The  specimens  were  made  in  pairs,  generally 
the  two  beams  of  a  pair  were  made  at  different  dates. 

Tables  9  and  10  give  details  of  the  dimensions,  make— up, 
etc.,  of  the  various  beams.      Tables  11  and  12  give  some  of  the 
observed  and  computed  data  from  the  tests.      The  loads  recorded 
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in  the  tables  and  mentioned  in  the  following  notes  are  the 
applied  loads  indicated  by  the  testing  machine  and  do  not  include 
the  weight  of  the  beam  itself.      The  photographs  following  the 
notes  on  tests  show  the  method  of  applying  the  load  and  the  re- 
sulting failures  of  typical  beams.      Load-deflection  diagrams 
are  given  in  Fig.  46  to  63.      For  the  simple  beams  only  the 
center  deflection  is  given;     for  the  beams  with  overhanging  ends 
the  deflections  of  the  center  of  the  middle  span  and  of  the  ends 
of  the  beam  are  given. 
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Table  9. 

DATA  OF  SIMPLE  BEAMS. 

Beams  8  "by  9  in.  in  section,  effective  depth 
8  in.  Concrete  1-2-4  hy  loose  volume.  Tested  on 
8  ft.  span. 

Per  cent   Longitudinal  Reinforcement. 

Beam  Proportion    of  Cement 
Ho.  of  Concrete       in  Uumber  and  size  of  "bars  Per  oent 

"by  Weight,    terms  of 
Aggregate. 


141 

1-2.34-4.09 

15.5 

4 

1/2  in.  plain  round 

1.25 

148 

1-2.24-4.62 

14.4 

do. 

1.25 

146 

1-2.39-5.70 

12.4 

4 

5/8  in,  plain  round 

1.94 

147 

1-2.34-4.09 

15.5 

3 

3/4  in.  plain  round 

2.06 

151 

1-2.39-5.70 

12.4 

4 

1/2  in.  corrugated  round 

1.50 

15£ 

1-2.74-4.62 

14.4 

do. 

1.50 

113al~2.91-4.12 

14.3 

4 

1/2  in.  plain  round 

1.25 

Beams  141  and 

147  were 

made 

from  the  same  batch. 

Beams  142  and 

152  were 

made 

from  the  same  "batch. 

Beams  146  and 

151  were 

made 

from  the  same  "batch. 
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Table  10 

DATA  OH  RESTRAINED  BEAMS. 

Beam  8  "by  9  in.  in  section,  effective  depth 
8  in.    To  be  tested  with  overhanging  ends,  middle 
span  8  ft.     Concrete  1—2-4  "by  loose  volume. 


Per  cent  Longitudinal  Reinforcement  

Beam  Proportion    of  Cement  Kind  and     Middle  Span  Overhanging  Ends 
Ho.  of  Concrete        in         Size  of  JJo.     Per  Ho.  Per 


"by  Weight, 

terms  of 

Bars. 

of 

cent 

of 

cent 

Aggregate 

Bars 

Bars 

112 

1-2.44-4.15 

15.2 

1/2  in.p.r. 

4 

1.25 

4 

1.25 

113 

1-2.91-4.12 

15. 4 

do. 

4 

n 

4 

TT 

115 

1-2.36-4.20 

15.3 

do. 

4 

Tt 

2 

0.62 

116 

1-2.41-4.37 

14.7 

do. 

4 

.  n 

4 

1.25 

121 

1-2.42-4.16 

15-.  0 

do. 

2 

0.62 

4 

tt 

122 

1-2 . 26-4 . 20 

15.4 

do. 

2 

Tt 

4 

»T 

126 

1-2.37-4.12 

15-.  4 

do. 

2 

.  U 

4 

TT 

127 

1-2. 46-4-.  20 

14.9 

l/2  in.c. s. 
1/2  in.c.r. 

2 

0-.78 

4 

1.56 

128 

1-2.40-4.44 

14.6 

2 

0.75 

4 

1.50 

129 

1-2.28-4.22 

15.4 

da  • 

2 

.  tt 

4 

.  IT 

131 

1-2.29-4.00 

15.9 

5/8  in.p.r. 

2 

0.97 

2 

0.97 

156 

1-2.29-4.10 

15-.  6 

do. 

2 

rr 

4 

1.94 

161 

1-2.32-4.07 

15.7 

l/2  in.p.r. 

4 

1.25 

4 

1.25 

162 

1-2.26-4.12 

15.7 

do. 

4 

1.25 

4 

TT 

166 

1-2.39-4.14 

15.3 

do- 

4 

tt 

4 

U 

171 

1-2.3C-4.22 

15-.  0 

1/2  in.c.r. 

4 

1.50 

4 

1.50 

172 

1-2.43-4.40 

14.7 

do:  • 

2 

0.75 

4 

TT 

176 

1-2.38-4.23 

15.2 

1/2  in.p.r.. 

4 

1.25 

4 

1,25 

Beams  161  and  166  had  all  bars  bent  up  in  one  plane 
near  points  of  inflection  of  middle  span. 

Beams  171  and  172  contained  4  l/2  in.  plain  round 
U-stirrups,  4  in.  apart  near  ends  of  middle  span. 

Beam  176  had  bars  bent  up  in  two  planes  near  point  of 
inflection  of  middle  span.     8    1/2  in.  round  U-stirrups  were 
placed  4  in.  apart  at  each  end  in  region  of  inflection  points. 
Part  of  stirrups  enclosed  lower  and  part  upper  rods. 
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Formulas  Used  in  Computing  Stresses . 


In  computing  the  values  of  the  stress  in  the  long- 
itudinal reinforcement,  the  shearing  stresses  and  bond  stresses 
as  given  in  Tables  11  and  12,  the  following  formulas  were  used. 

For  the  stress  in  the  steel,  f  -         ;  for  shearing 

Ad f 

stresses,  v  =         ;  and  for  bond  stresses,  u  -  -~~  ;  where 
'  bd'  mod' 

f  -  tensile  stress  in  longitudinal  steel 
M  —  bending  moment  at  the  point  considered 
A  =  area  of  the  steel  reinforcement 
b  =  breadth  of  rectangular  beam 

df=  distance  from  centroid  of  compressive  stresses 

to  center  of  steel 
v  -  vertical  or  horizontal  shearing  stress  in 

concrete 

V  =  the  total  shear  at  the  point  considered 

u  =  unit  bond  stress  on  the  surface  of  the 

longitudinal  steel 
m  =  number  of  longitudinal  reinforcing  bars 

o  »  effective  periphery  of  one  bar. 
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Table  11. 

DATA  OF  TESTS  OF  SIMPLE  BEAMS. 

Beams  8  "by  9  in.  in  section,  effective  depth 
8  in.,  Value  of  ji  used,  0.85.    1—2-4  concrete.  All 
failures  were  by  diagonal  tension. 


Load  at  Maximum 

Beam    Age       First  applied 

Ho.     days      Crack  load 

Pounds  Pounds . 


Stress  in 
Reinforcement 
lb. per  sq.in. 


Shear- 
ing 
Stress 
lb. per 
sq. in. 


Bond 
Stress 
lb. per 
gq.in. 


141 

55 

8 

900 

26 

600 

82 

104 

142 

67 

6 

000 

18 

000 

55 

70 

146 

42 

11 

000 

11 

900 

22 

400 

108 

110 

147 

59 

8 

600 

10 

700 

19 

100 

107 

45 

151 

42 

11 

100 

11 

800 

29 

000 

108 

138 

152 

64 

8 

100 

12 

000 

29 

400 

110 

140 

113a 

73 

12 

000 

19 

400 

43 

600 

185 

227 

Beam  Ho.  113a  was  loaded  by  means  of  a  spring 
cushion,  the  springs  being  spaced  6  in.  centers. 
The  remaining  beams  were  loaded  at  the  one— third 
points. 


59 

DATA  OF  TESTS  OF  RESTRAINED  BEAMS. 

Beams  8  by  9  in.  in  section,  effective  depth 
8  in.,  value  of  j.  used,  0.85.    1-2-4  concrete.  All 
failures  were  by  diagonal  tension  unless  otherwise 

noted. 

Beam 
No, 

Method 

of 
Loading 

Age  Load,  at 
days  First 
Crack 

Maximum      Stress  in  Shearing 
Applied  Reinforcement  Stress 
Load        lb. per  sq.in.        lb. per 

Bond 
Stress 
lb. per 

pounds 

pounds 

Top  Bottom 

sq.in. 

sq.in . 

nip 

Jul  O 

4  point 

54 

13  200 

27  900 

31  600 

15  800 

154 

197 

Springs 

73 

27  100 

42  200 

41  500 

11  150 

195 

247 

Springs 

52 

15  000 

26  000 

51  200 

6  900 

120 

304 

1^6+ 

4  point 

30 

12  000 

13  100 

14  800 

7  400 

72  " 

92 

1  PI 

XbJL 

Springs 

53 

25  000 

30  000 

29  400 

15  900 

138 

170 

1  PP 

4  point 

53 

14  600 

23  700 

86  800 

26  800 

132 

167 

1  Pfi 

Juj  olden:  ally  broken  before  being  tested. 

1  P7 
lei 

4  point 

31 

16  000 

18  200 

20  600 

20  600 

99 

101 

4  point 

30 

15  000 

13  900 

13  900 

83 

10.6 

Springs 

51 

20  000 

26  700 

32  000 

8  900 

123 

250 

1  PQ 

2  point 

41 

15  100 

17  500 

20  200 

20  200 

97 

123 

iOD 

2  point 

42 

12  300 

14  800 

14  800 

67 

69 

3  61* 

j_  U  X 

4  point 

55 

16  000 

37  200 

42  100 

42  100 

205  ' 

260 

IRQ 
IDC 

Springs 

41 

7  500 

27  700 

4  point 

30 

8  000 

25  900 

29  300 

14  650 

148 

182 

1  r  i 

4  point 

30 

22  000 

24  300 

29  400 

14  700 

134 

172 

1  7P 

Accidentally  broken  before  being  tested. 

1  7A 
J.  f  O 

4  point 

87 

12  000 

21  800 

24  600 

12  300 

121 

153 

*Tension  failure. 

+Bond  failure. 
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NOTES  OH  TESTS  OF  REINFORCED  CONCRETE  BEAMS. 

The  following  notes  of  the  tests  will  "be  found  useful 
in  interpreting  the  results  of  the  tests  and  the  discussion 
which  is  given. 

These  test  notes  are  given  in  the  same  order  as  the 
"beams  in  Tables  11  and  12.     In  the  references  to  loads  the  total 
applied  load  on  the  beam  is  referred  to.    No  account  has  "been 
taken  of  the  weight  of  the  "beam,  or  of  the  weight  of  the  small 
I-beams  used  in  distributing  the  load  in  some  of  the  tests. 
The  sketches  following  these  notes  indicate  the  dimensions  of 
the  "beams,  the  disposition  of  the  reinforcement  and  the  manner 
of  failure  of  the  "beams.    The  beams  which  were  loaded  on  a 
spring  cushion  were  turned  bottom  side  up  during  the  tests.  The 
notes  refer  to  them  in  this  position  as  they  are  thus  shown  on 
some  of  the  photographs. 

The  sketches  following  the  notes  show  also  the  distri- 
bution of  the  load  in  all  cases;  the  spring  loading  is  indicated 
by  arrows  corresponding  to  the  position  of  the  springs. 

+  +  +  +  ++  ++  +  +  +  +  +  +  +  +  +  +-!++  +  +  +  -!-  + 

Beam  No.  141.    This  beam  was  8  ft.  6  in.  in  length 
and  tested  as  a  simple  beam  on  8  ft.  span  and  one  third  point 
loading.    The  reinforcement  used  was  4    1/2-in.  round  bars. 
The  beam  failed  suddenly  by  diagonal  tension  at  the  north  end. 
No  warning  was  given  of  the  impending  failure.    No  cracks  had 
been  discovered.     The  maximum  load  was  8900  lb. 
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Beam  Ho.  142.    A  simple  beam  tested  on  8  ft.  span 
"by  loads  applied  at  the  third  points.     Reinforcement  consisted 
of  4    1/2— in.  round  rods.     The  external  appearance  of  this  "beam 
"before  test  showed  that  it  had  been  injured  during  the  period 
of  setting  as  a  crack  could  be  traced  diagonally  across  one  side 
of  the  beam  near  the  end  and  for  some  distance  across  the  top 
surface.    This  crack  had  the  appearance  of  a  diagonal-tension 
failure  crack,  and  its  position  was  much  the  same  as  would  he 
expected  of  a  failure  crack  of  this  kind.     The  beam  failed  at 
this  point  by  diagonal  tension  at  a  load  of  6000  lb.  which  is 
about  50$  of  the  load  the  beam  should  have  carried  under  normal 
conditions.    An  examination  of  the  break  showed  it  to  be  an  old 
injury. 

Beam  Ho,  146. A  simple  beam  tested  on  8  ft.  span.  The 
reinforcement  used  was  4    5/6— in.  round  rods. The  load  was  applied 
at  the  one  third  points.    At  11  000  lb.  a  small  crack  appeared 
10  in.  outside  of  south  load  point  and  3  in.  high.    A  second 
crack  10  in.  outside  of  north  load  point,  3  in.  high.     At  11  500  1 
a  crack  appeared  18  in.  outside  of  north  load  point.     At  11  800  lb 
the  maximum  load,  the  beam  failed  by  diagonal  tension  at  the 
crack  18  in.  outside  of  north  load  point,  stripping  the  concrete 
from  the  bars  and  extending  to  the  support.     The  crack  which 
appeared  at  11  000  lb.  closed  up  after  failure  occured.     Fig.  38 
shows  manner  of  failure. 

Beam  Ho.  147.    A  simple  beam  8  ft.  span.  Reinforcement 
3    3/4-in.  plain  round  rods.     At  a  load  of  8600  lb.  cracks  were 
observed  under  both  load  points.    These  cracks  were  found  on 


the  "bottom  surface,  "but  could  not  be  traced  on  the  sides  of  the 
beam.    At  9400  lb.  a  tension  crack  appeared  8  in.  south  of  load 
point.    Beam  failed  by  diagonal  tension  at  the  north  end  at  a 
load  of  10  700  lb.     Failure  was  sudden. 

Beam  Ho.  151.    A  simple  beam  of  8  ft.  span,  was  re- 
inforced with  4    1/2— in.  corrugated  round  rods.    At  11  000  lb. 
a  vertical  crack  appeared  under  north  load  point  2  in.  high, 
following  a  crease  in  the  bottom  of  the  beam,  made  by  the  paper 
upon  which  the  beam  was  built;     another  crack  appeared  13  in. 
outside  of  south  load  point  and  extending  toward  the  load  point. 
Beam  failed  suddenly  by  diagonal  tension  at  11  800  lb.  at  the 
crack  13  in,  outside  of  south  load  point  and  stripped  reinforce- 
ment to  the  end  of  the  beam. 

Beam  Ho.  152.    The  length  of  this  beam  was  8  ft.  6  in., 
over  all  and  was  tested  as  a  simple  beam  on  8  ft.  span,  loaded 
at  the  one  third  points.     The  reinforcement  used  was  4    l/2  in. 
corrugated  round  bars.    At  81001b.  a  crack  appeared  at  8  in, 
south  of  south  load  point  extending  vertically  4  in.     At  10  000  1" 
a  diagonal  crack  appeared  5  in.  north  of  north  load  point  and 
extending  4—1/2  in.  toward  the  load  point.     A  second  crack 
directly  under  the  south  load  point  ran  vertically  2  in.  At 
12  000  lb.  the  beam  failed  suddenly  by  diagonal  tension  at 
south  support.    Ho  crack  had  been  discovered  at  or  near  the 
point  of  failure.    The  crack  ran  from  the  support  diagonally 
toward  the  load  point  reaching  the  top  of  the  beam  at  about 
1  ft.  8  in.  from  the  support  on  the  west  side  and  on  the  east 
side  continuing  to  the  support.    The  failure  gave  evidence  of 
twisting. 
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Beam  No.  113a.    This  beam  was  the  middle  span  of 
Beam  Uo.  113  which  had  previously  "been  tested  as  a  beam  with 
overhanging  ends.     The  span  was  8  ft.  and  tested  by  one  third 
point  loading.     Springs  were  used  to  apply  the  load.  The 
spacing  of  the  springs  was  6  in.  centers; .this  method  wap  used 
to  approach  the  condition  of  a  uniform  load.    The  reinforcement 
was  4    l/2-in.  plain  round  rods.     At  14  000  lb. the  first  cracks 
appeared,  one  2  in.  south  of  center  and  another  1  in.  north  of 
center  of  beam.    At  16  000  lb.  a  crack  12  in.  north  of  center 
and  another  8  in.  south  of  center  and  a  third  12  in.  south  of 
center  appeared,  all  cracks  were  3  in.  deep.     At  18  000  lb 
numerous  cracks  near  center  of  beam  were  discovered.  At 
19  000  lb  the  beam  failed  by  diagonal  tension  at  the  south  end. 

Beam  Ho.  112.     This  beam  was  15  ft.  long  over  all. 
It  was  loaded  at  four  points,  the  two  one  third  points  of  the 
middle  span  of  8  ft.  and  at  points  of  the  ovcrhsnging  ends 
2  ft.  8  in.  from  the  supports.     The  loading  was  such  as  to  give 
a  bending  moment  over  the  supports  twice  the  maximum  moment 
developed  in  the  middle  span.    A  similar  arrangement  of  the 
loads  was  used  in  all  the  other  tests  in  which  concentrated  loads 
were  applied. 

At  a  total  load  of  13  200  lb.  on  the  beam,  a  great 
many  minute  cracks  appeared  near  the  top  surface  of  the  beam 
in  the  vicinity  of  the  supports  where  the  bending  moment  was 
greatest.    These  cracks  extended  down  into  the  bean  about  1  in. 
They  were  from  3  to  5  in.  apart  throughout  the  region  about 
15  in.  in  each  side  of  both  supports.     At  16  500  lb.  and  at 


18  000  lb.  numerous  other  minute  cracks  were  found  and  the  ones 
previously  marked  were  seen  to  he  widening  and  extending.  At 
a  load  of  22  600  lb.  the  orack  on  the  top.cf  the  beam  3  in. 
inside  of  south  support  had  extended  8  in.  deep  and  was  beginning 
to  incline  toward  the  point  of  support.    A  crack  2  in.  inside 
of  the  north  support  was  found  to  be  gradually  extending  down- 
ward, into  the  beam.    After  considerable  deflection  the  beam 
failed  by  diagonal  tension  in  the  middle  span  at  a  load  of 
27  900  lb.    The  failure  came  at  the  crack  about  8  in.  inside 
of  south  support  7/hich  was  noted  above  at  22  600  lb. 

Beam  Ho.  113.  The  reinforcement  in  this  beam  was 
4    1/2— in.  plain  round  rods  over  the  supports  and  4    1/2— in, 
plain  round  rods  at  the  middle.     The  length  was  15  ft.  ovei  all 
and  was  tested  as  a  beam  with  overhanging  ends,  with  a  middle 
span  of  8  ft.    The  load  was  applied  by  means  of  a  nest  of  springs 
in  sets  of  two,  spaced  12  in.  centers.    At  27  100  lb.  a  small 
crack  formed  under  south  suxrport  and  at  30  700  lb.  a  crack  2  in. 
inside  of  north  support  was  found.     At  36  600  lb.  a  crack  3  in. 
outside  of  north  support  was  discovered.    At  39  000  lb.  a  crack 
9  in.  inside  of  south  support  appeared.    At  42  200  lb.  the 
maximum  applied  load,  failure  occurred  by  tension  in  reinforce- 
ment over  the  south  support. 

Beam  Ho.  115,     This  beam  was  reinforced  with  2    1/2  in. 
plain  round  rods  over  the  supports  and  with  i    l/2— in.  plain 

round  rods  in  the    middle  span.    This  method  of  reinforcing 
was  a  mistake  on  the  part  of  the  workmen  who  made  the  beam.  It 


was  designed  to  have  the  four  "bars  over  the  support  and  the 
two  "bars  in  the  middle  span.     The  load  was  applied  by  springs 
in  sets  of  two,  spaced  IE  in.  centers.     The  first  cracks  were 
detected  at  15  000  lb.   lirectly  under  both  supports,  the  crack 
under  south  support  4  in.  high.     At  17  500  lb.  am t her  vertical 
crack  appeared  4  in.  outside  of  north  support;  at  20  000  lb. 
the  crack  4  in.  outside  of  north  support  was  4  in.  deep;  at 
22  500  lb.  cracks  6  in.  inside  of  north  and  south  support  each 
4  in.  deep  appeared;     at  25  OOC  lb.  a  crack  4  in.  outside  of 
north  support  and  crack  4  in.  inside  of  south  support  was  open  - 
ing  wide.     Load  fell  off  700  lb.  while  deflections  were  being 
read  for  load  of  25  000  lb.     This  beam  failed  by  tension  in 
steel  over  south  support.     The  maximum  applied  load  was  29  000  lb 

Beam  Ho.  116.    The  reinforcement  in  this  beam  was 
4    1/2— in.  plain  round  rods  in  both  top  and  bottom.     The  length 
of  the  beam  was  15  ft.  over  all  and  was  tested  as  an  overhanging 
beam  with  8  ft.  span.     The  load  was  applied  at  the  one  third 
points  in  the  middle  span  and  to  the  overhanging  ends  at  2  ft. 
8  in.  from  the  supports.    At  12  000  lb.  a  crack  1  in.  north 
of  south  support  appeared  and  opened  rapidly.     This  crack  con- 
tinued to  open  without  the  application  of  more  load.     That  this 
was  the  case  was  easily  determined  by  the  continuing  increase 
in  the  reading  of  the  deflection  instrument  at  the  south  end  of 
the  beam.    An  inspection  of  the  dial  readings  of  the  south  end 
of  the  beam  indicates  that  the  crack  formed  between  3000  and 
10  000  lb.  although  it  could  not  be  detected  by  the  eye.  At 
this  same  load,  12  000  lb.,  another  crack  appeared  6  in.  inside 
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of  north  support,  but  it  was  not  noticeable  on  the  sides  of  the 
beam.    At  13  100  lb.  the  crack  over  south  support  had  opened 
wide  and  no  more  load  could  be  applied.     This  was  without  doubt 
a  bond  failure.    By  a  continue  i  application  of  load  bending  of 
the  overhanging  end  occurred  which  finally  stripped  the  concrete 
above  the  reinforcement  from  the  beam  inside  the  south  support. 

Beam  Ho.  121.    The  reinforcement  used  was  4    l/£— in. 
plain  round  rods  in  the  overhanging  ends  and  2    l/E— in.  plain 
round  rods  throughout  the  middle  span.     At  S5  000  lb,  small 
cracks  were  discovered;     one  1  in.  and  one  20  in.  inside  of  north 
support  1  in.  deep,  also  a  crack  3  in.  inside  of  south  support 
and  one  4  in.  outside  of  south  support  both  1  in.  deep.  At 
30  000  lb.  sudden  failure  by  diagonal  tension  occurred,  starting 
from  a  point  24  in.  inside  of  south  support  and  extending  toward 
the  support  at  an  angle  of  45°.    Reaching  the  reinforcement  at 
the  bottom,  the  crack  followed  the  rods  to  the  support  stripping 
the  concrete  from  the  rods.     After  failure  at  south  support 
break  also  occurred  at  north  support  in  a  manner  similar  to  the 
one  described.    Photograph  Fig.   (40)  shows  manner  of  failure. 

The  load  was  transmitted  to  the  beam  by  means  of 
springs  in  pairs,  spaced  every  12  in.,  beginning  6  in.  on  each 
side  of  the  support. 

Beam  Uo.  122.  This  beam  was  15  ft.  long  over  all 
and  was  tested  as  an  overhanging  beam  with  a  middle  span  of 
8  ft,    The  load  was  applied  at  the  one  third  point  in  the  middle 

span  and  at  points  2  ft.  8  in.  from  the  support  on  the  over- 
hanging ends.    The  reinforcement  was  4    1/2— in.  bars  over  the 
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support  and  2    l/2— in.  plain  round  rods  in  the  middle  span. 
The  first  crack  appeared  at  a  load  of  14  600  lb.  at  a  point 
2  in.  inside  of  south  support.    At  16  000  I'd. a  crack  3  in. 
inside  of  north  support  was  found.     At  17  GOO  lb.  two  small 
cracks  appeared,  one  7  in.  inside  of  south  support  and  the  other 
8  in.  inside  of  north  support.    At  19  000  Id.  numerous  cracks 
appeared,  one  4  in.  outside  of  south  support,  a  second  2  in. 
inside  of  south  support  4  in.  deep,  a  third  8  in.  inside  of 
south  support  3  in.  deep,  a  fourth  1  in.  outside  of  north  support 
and  a  fifth  6  in.  outside  of  north  support.     At  21  000  lb.  the 
crack  at  8  in.  inside  of  the  south    support  had  extended  down- 
ward towards  the  support  6  in.  deep.    At  23  700  lb. the  beam 
failed  by  diagonal  tension  in  the  middle  span  near  north  suppoifc. 
Photograph  Pig.  (41)  shows  manner  of  failure.     This  beam  showed 
unmistakable    signs  of  distress  at  south  support,  while  at  north 
support  it  appeared  to  be  in  fair  condition,  still  failure 
occurred  at  the  north  end. 

Beam  lo,  126.    This  beam  was  accident ly  broken  before 

tested. 

Beam  Ho.  127.     The  reinforcement  in  this  beam  was 
4    1/2— in  square  corrugated  bars  in  the  overhanging  ends  and 
2    l/2-in.  square  corrugated  bars  in  the  middle  span.     The  length 
of  the  beam  was  15  ft,  over  all  and  was  tested  as  an  overhanging 
beam,  the  load  being  applied  at  the  one  third  points  in  the  middlis 
span  and  at  2  ft.  8  in.  from  the  supports    on  the  overhanging 
ends.     At  16  000  lb.  a  crack  appeared  6  in.  inside  of  south 
support,  and  extending  diagonally  downward  tov/ard  the  support 
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for  a  distanoe  of  5  in.    Another  crack  3  in. inside  of  the  north 
support,  and  extending  vertically  downv;ard  3  in.  also  appeared  at 
this  load.    At  18  200  lb.  the  "beam  failed  suddenly  by  diagonal 
tension.    This  diagonal  tension  crack  evidently  formed  from  the 
crack  which  had  appeared  6  in.  inside  of  the  south  support.  The 
point  of  formation  was  near  the  center  of  the  beam,  and  extending 
diagonally  downward  to  the  support,  and  upward  to  the  top  rein- 
forcement which  it  followed  to  the  end  of  the  bars,  stripping 
the  concrete  above  the  reinforcement  from  the  beam  proper.  The 
angle  of  this  crack  was  about  45°  with  the  horizontal. 

Beam  Ho.  128.    The  total  length  of  this  beam  was  15  ft. 
It  was  tested  on  8  ft.  middle  span  with  overhanging  ends  of  3  ft. 
6  in.    The  load  was  applied  at  the  one  third  points  in  the  middle 
span  and  to  the  overhanging  ends  at  2  ft.  8  in.  from  the  supports. 
The  reinforcement  used  was  4  1/2— in.  corrugated  round  bars  over 
the  supports  and  2    l/2-in.  corrugated  round  bars  in  the  middle 
span.    At  12  000  lb.  the  deflection  of  the  north  end  was  noted 
to  be  less  than  at  10  000  lb.    At  10  000  lb.  the  deflection 
was  0.0272  in.  and  at  12  000  lb.  the  deflection  was  0.0270  in. 
and  the  deflection  was  noted  to  be  decreasing  while  the  deflec- 
tions in  the  middle  span  near  the  north  support  were  increasing. 
After  the  readings  of  all  the  deflectometers  had  been  taken; 
the  beam,  deflectometers  and  load  applying  apparatus  was  examined 
carefully  to  discover  if  possible  the  reason  for  this  strange 
behavior,  nothing,  however,  could  be  found  as  a  possible  explana- 
tion.   The  deflectometers  were  again  read,  about  10  minutes 
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after  the  first  reading  and  the  deflection  of  the  north  end  was 
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found  to  "be  0.0253„ while  all  the  other  deflectometers ,  ten  in 
number,  had  increased,  the  amount  of  increase  varying.  The 
greatest  increase  was  noted  in  the  first  deflectometer  inside 
of  the  north  support.    TCith  the  application  of  another  increment 
of  load,  1000  lb.,    the  deflection  of  the  north  end  had  taken 
on  an  increment  of  deflection  corresponding  to  the  other  measured 
deflections  and  remaining  constant.     At  15  000  lb.  the  "beam 
failed  suddenly  "by  diagonal  tension  inside  the  north  support. 

Beam  Ho.  129.    This  "beam  was  15  ft.  long  over  all  and 
was  designed  to  he  tested  as  a  "beam  with  mechanically  fixed  ends 
and  a  span  of  8  ft.    The  reinforcement  used  was  4    1/2— in. 
corrugated  round  rods  to  provide  for  negative  "bending  moments 
and  2    1/2— in.  corrugated  round  rods  to  provide  for  positive 
"bending  moment.      Three  holes  were  placed    6,  15,  and  24  inches 
from  the  ends  of  the  beam  and  3    3/4— in.  bolts  were  used  to 
anchor  the  beam  to  the  weighing  table.    Photograph  Fig.  (43  ) 
shows  the  arrangement  as.  also  does  Fig,   (36).     The  load  was 
applied  equally  at  two  points  18  in.  from  the  center  of  the  beam. 
At  15  100  lb.  a  crack  11  in.  inside  of  the  south  support  appeared, 
extending  toward  the  support,  nearly  6  in.  deep;     a  second  crack 
2  in.  outside  of  south  load  point  4  1/2— in  high  extending  to- 
ward load  point;  a  third  6  in.  inside  of  south  support  and  extend- 
ing 4  in.  toward  support;  a  fourth  crack  2  in',  outside  of  north 
load  point  2  in.  deep,  very  fine.    At  17  50C  11!).  the  beam  failed 
by  diagonal  tension  at  south  support,  the  diagonal  crack  forming 
from  the  crack  11  in.  inside  of  south  support  and  extending  to 
the  support  in  one  direction  and  to  a  point  21  in.  north  of 


support  at  the  top,    A  secondary  craok  formed  at  13  in.  north 
of  south  support  at  the  bottom  of  the  "beam  and  paralleling 
the  former  to  about  3/4  of  the  depth  of  the  beam.  Photograph 
Fig.  ( 43)  shows  the  failure  crack  at  the  south  end.     Cracks  at 
north  end  closed  up  after  failure. 

Beam  Ho.  136.     This  beam  was  made  and  tested  in  the 
same  manner  as  beam  Ho.  129.     The  reinforcement  used  was 
4    5/8-in.  plain  round  rods  over  the  supports  and  2  5/8~in. 
plain  round  rods  in  the  span.    This  beam  failed  suddenly  by 
diagonal, tension  at  12  300  lb.    The  beam  had  previously  shown 
no  signs  of  distress  whatever.     Failure  occurred  at  south  end. 

Beam  Ho.  131.    This  beam  was  15  ft.  in  length  over  all, 
and  tested  as  a  beam  with  overhanging  ends.     The  span  used  was 
8  ft.  with  3  ft.  6  in.  overhang.     The  load  was  applied  by  means 
of  a  nest  of  springs  in  pairs,  spaced  12  in.  on  centers.  The 
reinforcement  used  was  2    5/8— in.  plain  round  rods  over  supports 
and  in  the  middle  span.     At  20  000  lb.  two  vertical  cracks 
were  discovered;  one  3  in. outside  of  north  support  3  in.  deep 
and  the  other  directly  over  the  south  support  also  3  in.  deep. 
At  21  300  lb.  the  crack  at  the  south  support  was  5  in.  deep. 
At  26  700  lb.  the  beam  failed  suddenly  by  diagonal  tension  in 
the  middle  span  near  the  south  support.    Photograph  Fig.  42 
shows  manner  of  failure.    The  crack  ran  from  a  point  at  the  top 
of  the  beam,  12  in.  inside  of  support,  diagonally  to  the  support. 
Ho  vertical  crack    had  been  discovered  at  this  point  from  which 
the  diagonal  crack  could  form.     The  beam  gave  no  signs  of  distress 
except  by  the  cracks  as  noted. 
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Beam  Ho.  161.    The  total  length  of  this  beam  was  15  ft 
and  was  tested  on  a  span  of  8  ft.  with  overhanging  ends  of  3  ft. 
6  in.    The  load  was  applied  to  the  middle  span  at  the  one  third 
points,  and  to  the  overhanging  ends  at  points  2  ft.  8  in.  from 
the  supports.    The  reinforcement  was  4    l/2~in.  plain  round 
"bars  "bent  up  in  one  plane  near  the  points  of  inflection  in  the 
middle  span  and  carried  over  the  supports  to  provide  for  the 
negative  "bending  moment  existing  there.    At  16  000  Ih.the  first 
crack  appeared  directly  over  the  south  support;  at  18  000  Id, 
this  crack  was  3  in.  deep.    At  24  000  lb. this  crack  was  5  in. 
deep  and  opening  rapidly.    At  26  000  lb.  a  crack  appeared  8  in. 
outside  of  south  support  and  3  in.  deep.     At  28  000  a  crack 
6  in.  inside  of  north  support  was  found  and  the  crack  over  the 
south  support  opening  wide.     The  stress  in  the  steel  had  evident- 
ly exceeded  the  elastic  limit.    As  the  load  was  applied  the  crack 
8  in.  outside  of  south  support  continued  to  open  as  did  also 
the  one  directly  over  the  south  support;  finally  at  37  200  lb. 
the  "beam  failed  outside  of  south  support  by  diagonal  tension, 
the  failure  crack  forming  at  the  crack  which  had  appeared  at 
26  000  lb.     The  primary  failure  was  evic!  ntly  by  tension  in  the 
reinforcement  over  the  south  support. 

Beam  Ho.  162.    This  beam  was  15  ft.  long  over  all, 
and  tested  as  an  overhanging  beam  with  a  span  of  8  ft.  and 
overhanging  ends  of  3  ft.  6  in.     The  load  was  applied  by  means  of 
a  nest  of  springs  in  pairs,  spaced  12  in.  centers.     The  reinfor- 
cement used  was  4    l/8-in  plain  round  rods  bent  up  in  one  plane 
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and  passing  through  the  plane  of  the  support.    This  "beam  was 
designed  to  have  the  "bars  "bent  up  in  two  different  planes  near 
the  point  of  inflection,  "but  through  an  error  in  making  this 
was  not  done,  and  thus  the  negative  moment  was  not  provided  for. 
At  7500  lb.  cracks  were  discovered  over  the  supports;  at 
12  000  lb.  the  cracks  v/ere  6  in.  deep.     The  maximum  applied 
load  was  27  700  lb.     The  beam  failed  by  tension  in  concrete 
over  suxjports. 

Beam  Ho.  166.     The  total  length  of  this  beam  was 
15  ft.  and  designed  to  be  tested  as  a  beam  with  overhanging  ends. 
The  middle  span  was  8  ft.  and  the  overhanging  ends  3  ft.  6  in. 
The  load  was  applied  at  the  one  third  points  in  the  middle  span 
and  at  2  ft.  8  in.  from  the  supports  on  the  overhanging  ends. 
The  reinforcement  used  was  4    l/2-in  plain  round  rods  bent  up 
in  one  plane.    The  bend  was  14  in.  from  the  support.  At 
8000  lb.  a  vertical  crack  appeared  8  in.  inside  of  north  support, 
3  in  deep.    At  9000  lb. a  vertical  crack  appeared  3  in  inside 
of  south  support.    Ho  other  cracks  appeared  until  a  load  of 
23  000  lb.  was  applied  when  vertical  cracks  8  in.  outside  of 
north  and  south  supports.    The  cracks  which  appeared  at  8000 
and  9000  lb.  ran  vertical  for  about  3  in.  and  then  followed  the 
direction  of  the  bent  rods  toward  the  center  of  the  beam. 
Pinal  failure  occurred  inside  the  north  support  at  a  maximum 
load  of  25  900  lb.  by  the  crushing  and  cracking  of  concrete 
at  the  bottom  of  the  beam  15  in.  from  the  support;  the  crack 
which  had  been  following  the  bend  in  the  reinforcement  reached 
the  bottom  of  the  beam.  Photograph  Fig,  44  shows  manner  of  failure. 
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Beam  !o.  171.    This  "beam  was  15  ft.  in  length,  and 
was  tested  as  an  overhanging  "beam  with  a  middle  span  of  8  ft. 
The  load  was  applied  at  the  one  third  points  of  the  middle  span 
and  at  points  of  the  overhanging  ends  2  ft.  8  in.  from  the 
supports.     The  reinforcement  in  this  beam  was  4    1/2— in,  corru- 
gated round  bars  in  top  and  "bottom,  With  l/2-in.  round   T— shaped 
stirrups,  four  in  number  in  each  end,  spaced  4  in.  on  centers 
beginning  at  apoint  four  inches  inside  of  the  support.  At 
22  000  lb.  numerous  cracks  appeared;  one  2  in,  and  one  6  in. 
outside  of  the  south  support,  but  these  could  not  be  traced  on 
the  sides  of  the  beamf ;  one  crack  8  in.  inside  of  south  support 
and  running  diagonally  tov.ard  the  support  5  in. ,  another  crack 
12  in.  inside  of  the  support  but  was  not  visible  on  the  side  of 
the  beam.    A  crack  8  in.  inside  of  north  support,  and  running 
diagonally  toward  the  support  6  in.     Another  8  in  outside  of 
north  support  was  not  visible  on  the  sides  of  the  beam.  At 
24  SOD  lb.  the  beam  failed  suddenly   it  south  support.  This 
failure  was  distinctly  different  from  any  other  so  far  obtained. 
The  main  diagonal  crack  occurred  between  the  two  stirrups  farth- 
est from  the  support,  beginning  at  the  top  of  the  beam  at  a 
distance  of  16  in,  from  the  south  support  and  crossing  the 
second  stirrup  at  the  lower  part  of  the  beam.     Another  crack 
started  at  the  top  of  the  second  stirrup,  and  ran  diagonally 
toward  the  support,  crossing  the  third  stirrup  near  the  bottom. 
This  crack  did  not  extend  quite  to  the  bottom  of  the  beam. 
It  is  to  be  noticed  that  the  first  visible  cracks  appeared  at 
the  points  directly  over  the  stirrups  for  all  cracks  inside 
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of  the  supports.      The  final  failure  was  by  diagonal  tension, 
though  it  might  be  questioned  as  to  whether  or  not  the  primary 
failure  was  not  that  of  bond  in  the  stirrups.  Photograph, 
Fig.   (45)   shows  method  of  failure. 

From  the  method  of  making  small  beams  of  this  kind,  the 
reinforcement  to  provide  for  negative  moment  over  the  supports 
and  the  vertical  stirrups  must  be  placed  after  the  concrete  of  the 
beam  has  been  deposited.      In  forcing  the  stirrups  down  into  the 
concrete,  in  this  way,  unless  extreme  care  is  used  in  the  making 
of  the  beam,  and  the  placing  of  the  stirrups,  it  is  readily  seen 
that  good  bond  will  not  be  obtained,  and  this  undoubtedly  was  the 
primary  cause  of  failure. 

Beam  No.  176.    This  beam  was  15  ft.  long  and  was  tested 
as  a  beam  with  overhanging  ends.      The  span  was  8  ft.  with  over- 
hanging ends  of  3  ft.  6  in.      The  load  was  applied  to  the  one- 
third  point  in  the  middle  span  and  at  points  2  ft.  8  in.  from 
the  supports  on  the  overhanging  ends.      The  reinforcement  was 
4,      in.  round  rods  bent  up  near  the  inflection  points.  Eight 
U-stirrups  of  g-in.  round  rods  were  placed  at  each  end  inside  of 
the  supports.      The  spacing  of  the  stirrups  was  4  in.  on  centers; 
the  first  stirrup  being  placed  4  in.  inside  of  the  support.  At 
18  000  lb.  cracks  appeared  4  in.  inside  of  each  support;  these 
cracks  were  noted  directly  over  the  first  stirrup  inside  of 
support- a  crack  also  appeared  directly  over  south  support.  At 
16  COO  lb.  cracks  appeared  at  2  and  6  in,  outside  of  north  support 
and  crack  4  in,  inside  of  south  support  opening  wide.  At 
18  100  lb.  a  crack  appeared  6  in.  outside  of  south  support.  At 
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80  200  lb.  a  crack  18  in.  outside  of  south  support.  At 
21  800  lb.,  the  maximum  load,  the  beam  failed  by  diagor  ial  tension 
outside  of  south  support;     the  diagonal  crack  evidently  formed 
from  the  inclined  crack  which  appeared  at  18  100  lb.  This 
indicates  the  effectiveness  of  stirrups  to  resist  web  stresses, 
as  this  is  the  only  beam  which  primarily  failed  Iby  diagonal 
tension  outside  of  the  supports. 

Beam  No.  172.      This  beam  was  accidentally  broken 

S 

before  being  tested. 
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Testa  of  Simple  Beams .--  In  order  to  make  comparisons  of 
the  behavior  under  test  and  of  the  resistance  of  simple  reinforced 
concrete  beams,  seven  tests  of  simple  beams  were  made.  These 
beams  were  of  the  same  section  as  the  restrained  beams  and  were 
all  tested  on  an  8-ft.  span.      Table  11  gives  some  of  the  observed 
data  and  the  computations  from  these  tests.      The  age  at  test 
varied  from  42  to  73  days.      All  beams  failed  by  diagonal  tension, 
although  it  is  probable  that  the  yield  point  of  the  steel  may 
have  been  exceeded  in  Beam  No.  113a,  which  was  loaded  through  a 
nest  of  springs.      This  method  of  loading  seems  to  permit  a 
greater  bending  moment  and  shear  to  be  developed  than  does  the 
usual  arrangement  of  concentrated  loads.      This  phenomenon  has 
been  observed  in  other  te^ts  made  in  this  Laboratory  and  else— 
where.      Beam  No.  142  had  apparently  been  injured  before  loading, 
hence  the  values  given  for  it  are  not  trustworthy.      The  values 
of  the  diagonal  and  vertical  shearing  stresses  at  failure,  ex- 
cluding Beam  No.  142,  average  116  lb.  per  sq.  in. 

Variation  of  Method  of  Loading.-  The  15  ft.  beams  were 
designed  to  be  tested  by  applying  the  load  through  a  spring 
cushion  consisting  of  light  car—springs,  placed  in  pairs  12  in. 
apart.    This  was  considered  as  being  equivalent  to  an  equal  total 
load  distributed  uniformly  throughout  the  length  of  the  beam. 
In  some  of  the  earlier  tests  the  load  was  applied  in, this  manner. 
It  was  found,  however,  that  owing  to  the  excessive  deflection 
of  the  overhanging  ends  of  the  beam  after  tension  cracks  began 
to  open  over  fhe  supports,  the  distribution  of  the  load  during 
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the  last  stages  of  the  test  could  "be  only  approximately  determined 
In  the  test  of  Beam  162  the  overhanging  ends  had  deflected  so 
much  before  the  ultimate  load  was  reached  that  the  distribution 
of  the  load  on  the  "beam  was  entirely  changed  from  the  original 
condition  and  no  attempt  has  "been  made  to  compute  the  stresses  in 

the  steel  and  concrete  under  the  maximum  load.     Even  the  amount 
of  the  maximum  load  was  problematical. 

In  some  of  the  tests  in  which  the  beams  failed  more  or 
less  suddenly,  the  results  of  loading  with  a  spring  cushion  was 
fairly  satisfactory  but  owing  to  the  unsatisfactory  results  of 
loading  some  of  the  beams,  most  of  the  15  ft.  beams  were  tested 
by  four  concentrated  loads  applied  at  the  one-third  points  of 
the  middle  span  and  near  the  ends.    The  method  of  loading  used 
in  each  case  is  given  in  Table  12  and  is  indicated  in  sketches 
Fig.  34  to  37. 

Manner  of  Failure.-    In  general  the  failure  of  the 
overhanging  beams  was  by  diagonal  tension  in  the  middle  span. 
Beams  No.  113,  115,  and  161  failed  by  tension  in  the  steel 
over  the  supports.    Beam  Ho.  116  failed  by  bond  in  the  longitu- 
dinal reinforcement  over  the  support.    The  computed  bond  for  this 
beam  at  failure  is  extremely  low  but  the  manner  of  failure  of  the 
beam  will  allow  of  no  other  interpretation. 

For  the  beams  which  were  reinforced  with  straight  bars 
and  had  no  metallic  web  reinforcement  and  which  had  two  concen- 
trated loads  applied  to  the  middle  span,  the  failure  of  the 
beam  was  almost  without  exception  accompanied  by  the  stripping 
of  the  reinforcing  bars  over  the  support.     This  stripping  was 
not  attendant  upon  failure  in  the  beams  tested  by  spring  loading. 
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This  would  seem  to  indicate  that  the  bending  produced  "by  the 
deflection  of  the  beam  caused  vertical  tension  in  the  concrete 
in  the  horizontal  plane  of  the  reinforcement  and  thus  materially 
assisted    in  producing  failure.     The  prevalence  of  this  phenomenon 
accompanying  the  failures,  makes  it  evident  that  some  method  of 
anchoring  the  inner  ends  of  the  upper  bars  would  be  advantageous 
in  preventing  this  splitting-off  action.      In  ordinary  beam 
action  the  presence  of  the  concentrated  loads  of  the  reactions  at 
the  supports  seems  to  a  large  extent  to  prevent  this  kind  of 
failure.    A  reference  to  the  beams  loaded  in  the  same  manner,  in 
which  the  reinforcement  was  bent  up  as  shown  for  Beam  161,  empha- 
sizes the  advantage  of  an  anchorage  for  the  upper  bars. 

Effect  of  Disposition  of  Longitudinal  Reinforcement.- 
Three  beams  Ho.  161,  162  and  166  had    the  bars  bent  up  at  different 
points  in  the  middle  span.    Beam  Ho.  162  was  originally  intended 
to  have  the  bars  bent  up  in  two  different  planes  near  the  point 
of  inflection,  but  owing  to  a  mistake  of  the  workmen  who  made  the 
beams  the  reinforcement  was  bent  up  near  the  support  and  thus  no 
provision  was  made  for  the  negative  moment  existing  at  the  supports . 
This  beam  illustrates  the  effect  of  placing  all  the  reinforcement 
at  the  bottom  in  members  which  develop    negative  bending  moment 
over  the  supports.     Crack  appeared  directly  over  the  supports  and 
no  continuous  action  there  obtained.      Beniing  up  the  reinf orcemeit 
near  the  points  of  inflection  of  the  mid—span  as  shown  for  beam 
Beam  161  proved  the  most  effective  of  any  method  used  in  these 
tests.    This  arrangement  provides  for  the  web  stresses  and  at  the 
same  time  prevents  the  splitting-off  of  the  conorete  above  and 
around  the  ends  of  the  reinforcement  of  the  overhanging  ends. 
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It  seems  evident  from  these  tests  that  proper  design  of 
"beams  subject  to  "both  positive  and  negative  bending  requires  that 
adequate  provision  for  web  stresses  and  the  so-oalle#  splitting- 
off  stress  be  made. 

The  early  formation  of  cracks  over  the  supoorts  and  the 
failure  of  some  of  the  beams  in  tension  at  this  point  emphasizes 
the  importance  of  giving  particular  attention  to  the  reinforcement 
for  negative  moment. 

Bond  Stresses.—  The  bond  stress  developed  in  these  tests 
was  generally  low,  hence  no  apparent  difference  between  the  beams 
reinforced  with  plain  round  rods  and  those  reinforced  with  corrugat 
ed  bars,  can  be  discovered. 

Effect  of  Vertical  Stirrups.-  The  tests  of  beam  containing 
vertical  TJ— stirrups  were  not  as  numerous  as  had  been  planned. 
One  beam,  Ho.  172  was  accidentally  broken  before  being  tested; 
other  beams of  this  kind  which  had  been  designed  could  not  be  made 
on  account  of  the  limited  time  available.    The  two  beams  tested 
which  contained  vertical  stirrups  -  Beams  171  and  176  -  showed 
some  characteristics  which  were  not  common  to  the  other  tests. 
The  first  cracks  appeared  over  the  stirrups,  showing  the  effect 
of  the  discontinuity  of  the  material  of  the  beam  at  these  points 
The  resisting  moment  of  these  beams  seems  to  have  been  increased  i 
little  if  any  by  the  presence  of  the  stirrups.     This  is  doubtless 
due  to  the  difficulty  of  securing  as  good  concrete  at  this  point 
as  elsewhere  or  in  the  other  beams,  on  account  of  the  excess  of 

steel  or  to  the  method  of  placing  the  stirrups.    Poor  concrete  in 
the  vioinity  of  the  stirrups  throws  a  portion  of  the  load  which 
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ordinarily  would  be  taken  by  the  concrete  to  the  stirrups  result- 
ing in  little  or  no  gain  in  total  strength.     Reference  may  be  made 
to  the  notes  on  test  of  Beam  176  for  further  data  and  observations 
on  the  test.     These  tests  emphasize  the  necessity  on  making  tests 
on  the  efficiency  of  vertical .reinforcement  on  larger  test  speci- 
mens than  have  ordinarily  been  used  for  this  purpose. 

Effect  of  Amount  of  Reinforcement This  series  of  tests 
is  not  very  well  adapted  to  furnish  data  on  the  effect  of  amount 
of  reinforcement  on  the  resisting  moment  of  beams  of  this  kind. 
However,  some  facts  having  a  bearing  on  the  influence  of  the 
amount  of  reinforcement  were  brought  out.    That  the  amount  of 
longitudinal  reinforcement  has:  an  important  bearing  on  the  stiff- 
ness of  the  beam  is  well  shown  in  the  tests  of  Beams  112  and  122 
which  were  similar  and  similarly  loaded  except  that  Beam  122  had 
only  one-half  as  much  steel  in  the  middle  span  as  Ho.  112. 
Fig.  64  gives  the  elastic  curve  of  these  two  beams  for  the  same 
load.     The  load  was  equivalent  to  about  460  lb.  per  sq.  ft.  over 
the  surface  of  the  beam  which  is  a  fair  working  load  of  this  kind  o:' 
beam.    The  curves  were  plotted  from  the  deflection  readings  at 
the  points  shown.    The  deflection  of  the  center  of  the  middle 
span  and  of  the  ends  are  about  50$  greater  for  the  beam  with  less 
reinforcement.    The  ultimate  carrying  capacity  of  these  two  beams 
may  be  compared  in  the  same  way  although  the  increase  in  resistance 
to  diagonal  tension  failure  is  only  17$  in  favor  of  the  greater 

reinforcement.     Some  of  the  beams  having  the  larger  amount  of 
tensile  reinforcement  failed  at  comparatively  low  loads,  by 
diagonal  tension. 
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Load  Deflection  Diagrams Fig,     46  to  63  give  the 
load—deflection  diagrams  for  the  "beams.     For  the  simple  "beams 
only  the  center  deflection  is  given;  for  uhe  "beams  loaded  with 
overhanging  ends  the  deflection  of  the  center  of  the  middle  span 
and  of  the  ends  are  given,     The  deflection  readings  at  the  inter- 
mediate points  were  useful  in  tracing  the  history  of  the  "beam  under 
test  and  were  instructive  in  showing  how  hesms  of  this  kind  follow 
the  usual  law  of  flexure. 

The  deflection  of  the  opposite  ends  of  the  beam  were 
in  most  cases  discordant,  since  the  deflection  at  these  points 
is  dependent  upon  the  formation  of  cracks  over  the  supports,  which 
often  occurs  at  one  end  long  "before  there  is  any  evidence  of  crack- 
ing at  the  other  end.    Frequently  the  opening  of  cracks  could  "be 
foretold  before  they  were  visi"ble,*by  the  excessive  deflection  at 
certain  points  of  the  beam. 

Fig.  64  shows  the  elastic  curves  as  determined  from  the 
deflections  for  Bsams  112  and  122  under  a  similar  load.    The  load 
was  eqivalent  to  about  460  It.  per  square  foot  of  the  surface  of 
the  beam  which  is  a  fair  working  load  for  a  "beam  of  this  kind. 
These  curves  show  the  influence  of  the  greater  amount  of  reinforce- 
ment in  Beam  112. 
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EXTRACTS  FROM  BUILDIIIG  CODES  AND  RB00MME3OIATI03IS  OF 
VARIOUS  BODIES  REGARDING  THE  USE  OF  REINFORCED  CONCRETE  FOR 
FLOOR  AND  GIRDER  CONSTRUCTION. 

The  following  pages  contain  extracts  from  the  "building 
codes  of  Chicago,  St. Louis, ,San  Francisco,  Philadelphia  and  Boston; 
from  the  recommendations  of  the  French,  Austrian  and  Prussian 
government  commissions  as  well  as  the  recommendations  of  the 
British  Joint  Committee  and  of  the  American  Engineering  Societies' 
Joint  Committee  on  Concrete  and  Reinforced  Concrete.     The  require- 
ments or  recommendations  regarding  loads  to  "be  used  in  the  design 
of  floors  and  girders  of  reinforced  concrete,  the  factors  to  "be 
used  in  design,  the  quality  of  the  concrete  assumed,  workingm 
stresses  allowed  and  requirements  to  he  met  "by  the  finished  struct- 
ure are  given  for  each.      The  extracts  from  these  building  codes 
and  recommendations  are  given  in  this  form  as  it  is  thought  they 
will  he  more  serviceable  than  if  a  tabular  summary  had  been  given. 
In  preparing  a  tabular  summary,  too  much  depends  on  the  interpreta- 
tion of  the  writer  to  make  it  of  general  value. 

The  present  is  a  very  critical  period  in  the  developeraent 
of  reinforced  concrete  as  applied  to  building  construct  ion,  The 
building  codes  of  most  American  cities  make  very  inadequate  provi- 
sion for  this  form  of  construction.     Some  of  them  attempt  to  exer- 
cise a  judicious  supervision  and  endeavor  to  treat  reinforced  con- 
crete as  a  legitimate  building  material,  while  others  show  more 

or  less  antagonism  to  it.  Antagonism  is  generally  shown  by  requir- 
ing low  working  stresses  to  be  used,  or  by  enforcing  absurd  rules 
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regarding  the  carrying  capacity  or  the  deflection  of  the  completed 
structure.    All  of  the  "building  codes  and  recommendations  are 
far  "behind  the  best  practice  as  exhibited  in  the  work  of  the  more 
progressive  engineers  and  "builders.    The  development  of  reinforc- 
ed building  construction  has  been  so  rapid  within  the  last  decade 
that  although  some  of  the  building  codes  of  some  of  the  leading 
American  cities  has  been  revised  every  two  or  three  years,  they 
seem  to  be  antiquated  even  before  they  receive  official  approval, 
The  experience  of  Chicago  or  Hew  York  is  an  illustration  of  the 
inertia  of  the  building  departments  of  these  cities.     In  Chicago 
the  last  revision  of  the  building  code  was  adopted  June  1908. 
This  code  made  a  pretence  of  providing  for  reinforced  concrete 
as  a  fireproof  building  material.     Even  before  it  was  in  force 
those  having  to  do  with  reinforced  concrete  construction  dis- 
covered that  its  observance  would  lead  to  absurd  results  and  an 
effort  was  at  once  made  to  have  a  set  of  requirements  drawn  up 
which  would  provide  in  an  intelligent  manner  for  this  material. 
Within  the  last  year  an  entire  new  set  of  regulations  has  been 
arranged  and  is  now,  May  1909,  awaiting  official  approval.  In 
devising  these  regulations  many  of  the  most  progressive  engineers 
and  builders  in  Chicago  have  had  a  part  and  it  is  believed  that  a 
more  rational  and  complete  set  of  requirements  have  been  formulated 
than  can  be  found  elsewhere.     It  is  not  feasible  to  give  extracts 
from  this  code  as  it  has  been  impossible  to  obtain  a  copy  of  the 
unofficial  code  as  it  now  stands.    The  extracts  given  hereafter 
are  from  the  revision  of  1908. 

More  space  than  usual  has  been  given  to  the  progress 
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report  of  the  Joint  Committee  of  the  American  Engineering  Societies 
as  it  represents  the  latest  and  perhaps  one  of  the  most  studied 
of  the  recommendations  of  this  kind.     It  has  "been  suggested  that 
a  set  of  rules  or  recommendations  such  as  those  reported  by  the 
Joint  Committee  might  be  incorporated  as  a  whole,  or  with  modifi- 
cations to  meet  local  requirements,  into  the  building  codes  of 
cities  and  thus  allow  the  responsibility  for  such  provisions  to 
rest  with  those  most  capable  of  formulating  them. 

One  of  the  iaost  encouraging  results  of  all  the  recent 
experiments  and  discussions  on  reinforced  concrete  is  that  it 
is  now  coming  to  be  recognized  that  this  is  a  subject  demanding 
the  attention  of  experts  and  that  it  should  be  taken  out  of  the 
hands  of  the  city  councilmen  whose  function  it  is  to  make  laws,  but 
who,  unfortunately  have  little  knowledge  of  the  contents  of  many 
of  them.    Examples  of  this  are  seen  in  the  recent  discussions  and 
investigations  accompanying  the  revision  of  the  building  ordinances 
of  St.  Louis,  Philadelphia,  San  Francisco  and  Chicago. 


REPORT  OF  SPECIAL  COMMITTEE  ON  CONCRETE  AND  REINFORCED  CONCRETE 


OF  AMERICAN  SOCIETY  OF  CIVIL  ENGINEERS.     (JOINT  COMMITTEE)  . 
Proc.  Am.  Soc.  C.  E.,  V.  35,  p.  85  (February,  1909). 


Loads  to  be  used  in  design  of  floors  and  beams , 

"The  loads  or  forces  to  be  resisted  consist  of:     (1)  the 
dead  load  which  includes  the  weight  of  the  structure  and  fixed 
loads  and  forces;     (2)  the  live  load,  or  the  loads  and  forces 
which  are  variables,      The  dynamic  effect  of  the  live  load  will 
often  require  consideration.      Any  allowance  for  the  dynamic 
effect  is  preferably  taken  into  account  by  adding  the  desired 
amount  to  the  live  load  or  to  the  live— load  stresses.  The 
working  stresses  hereinafter  recommended  are  intended  to  apply 
to  the  equivalent  static  stresses  so  determined. 


Moment  factors  to  be  used  in  the  design  of  floors  and  beams , 

'TFloor  slabs  should  be  designed  and  reinforced  as  continuous 
over  the  supports.  If  the  length  of  the  slab  exceeds  1.5  times 
its  width,  the  entire  load  should  be  carried  by  transverse  rein- 
forcement. Square  slabs  may  well  be  reinforced  in  both  direc- 
tions. (See  note  on  pagei20  on  distribution  of  load  on  rectan- 
gular slabs,) 

'tThe  loads  carried  to  beams  by  slabs  which  are  reinforced 
in  two  directions  will  not  be  uniformly  distributed  to  the 
supporting  beam,  and  may  be  assumed  to  vary  in  accordance  with 
the  ordinates  of  a  triangle.      The  moments  in  the  beams  should 
be  calculated  accordingly. 

"When  the  beam  or  slab  is  continuous  over  its  supports,  rein- 
forcement should  be  fully  provided  at  points  of  negative  moment, 
In  computing  the  positive  and  negative  moments  in  beams  and  slabs 
continuous  over  several  supports,  due  to  uniformly  distributed 
loads,  the  following  rules  are  recommended : 

a.  That  for  slabs  the  bending  moments  at  center  and  at 
supports  be  taken  at  wl2/12  for  both  dead  and  live  loads,  where 
w  represents  the  load  per  lineal  foot  and  j.  the  span  length. 

b.  That  for  beams  the  bending  moment  at  center  and  supports 
for  interior  spans  be  taken  at  wla/12,  and  for  end  spans  it  be 
taken  at  wl8/10,  for  center  and  adjoining  support  for  both  dead 
and  live  loads .  •< 
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In  the  case  of  beams  and  slabs  continuous  for  two  spans 
only,  or  of  spans  of  unusual  length,  more  exact  calculations 
should  be  made.      Special  consideration  is  also  required  in  the 
case  of  concentrated  loads, 

Where  beams  are  reinforced  on  the  compression  side,  the 
steel  may  be  assumed  to  carry  its  proportion  of  stress  in 
accordance  with  the  provisions  +  +  +  +  (n  =  15) .      In  the  case 
of  continuous  beams,  tensile  and  compressive  reinforcement  over 
supports  must  extend  sufficiently  beyond  the  support  to  develop 
the  requisite  bond  strength. 


Allowable  stresses . 

"The  stresses  for  concrete  are  proposed  for  concrete  com- 
posed of  one  part  portland  cement  and  six  parts  aggregate, 
capable  of  developing  an  average  compressive  strength  of  2000  lb. 
per  sq.  in.  at  28  days,  when  tested  in  cylinders  8  in.  in  dia- 
meter and  16  in.  long,  under  laboratory  conditions  of  manufacture 
and  storage,  using  the  same  consistency  as  is  used  in  the  field. 
In  considering  the  factors  recommended  with  relation  to  this 
strength  it  is  to  be  borne  in  mind  that  the  strength  at  28  days 
is  by  no  means  the  ultimate  which  will  be  developed  at  a  longer 
period,  and  therefore  they  do  not  correspond  with  the  real  factor 
of  safety.      On  concretes,  in  which  the  material  of  the  aggregate 
is  inferior,  all  stresses  should  be  proportionally  reduced,  and 
similar  reduction  should  be  made  when  leaner  mixes  are  to  be  used. 
On  the  other  hand,  if,  with,  the  best  quality  of  aggregates,  the 
richness  is  increased,  an  increase  may  be  made  in  all  working 
stresses  proportional  to  the  increase  in  compressive  strength  at 
28  days,  but  this  increase  shall  not  exceed  ZS%.? 

"The  extreme  fiber  stress  of  a  beam,  calculated  on  the 
assumption  of  a  constant  modulus  of  elasticity  for  concrete  under 
working  stresses,  may  be  allowed  to  reach  32.5/£  of  the  compressive 
strength  at  28  days,  or  650  lb.  per  sq.  in.  for  8000— lb,  concrete. 
Adjacent  to  the  support  of  continuous  beams,  stresses  lbf:  higher 
may  be  used . " 

"When  pure  shearing  stress  occurs,  that  is,  uncombined  with 
compression  normal  to  the  shearing  surface,  and  with  all  tension 
normal  to  the  shearing  plane  provided  for  reinforcement,  a 
shearing  stress  of  6%  of  the  compressive  strength  at  28  days,  or 
180  lb.  per  sq.  in.  on  2000-lb.  concrete  may  be  allowed.  Where 
the  shear  is  combined  with  an  equal  compression,  as  on  a  section 
of  a  column, at  45°  with  the  axis,  the  stress  may  equal  one— half 
the  compressive  stress  allowed.      For  ratios  of  compressive  stress 
to  shear,  intermediate  between  0  and  1,  proportionate  shearing 
stresses  shall  be  used," 
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"In  calculations  on  beams  in  which  diagonal  tension  is  con- 
sidered to  be  taken  by  the  concrete,  the  vertical  shearing 
stresses  should  not  exceed  Z%  of  the  compressive  strength  at 
88  days,  or  40  lb.  per.  sq.  in.  for  2000-lb.  concrete." 

"The  bonding  stress  between  concrete  and  plain  reinforcing 
bars  may  be  assumed  at  4^  of  the  compressive  strength  at 
38  days,  or  80  lb.  per  sq.  in.  for  3000— lb.  concrete,  in  the  case 
of  drawn  wire,  Z%  or  40  lb.  per  sq.  in.  on  2000— lb,  concrete." 

"The  tensile  stress  in  steel  should  not  exceed  16  000  lb.  per 
sq.  in.      The  compressive  stress  in  reinforcing  steel  should  not 
exceed  16  000  lb,  per  sq.  in.,  or  15  times  the  working  com- 
pressive stress  in  the  concrete." 
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Note  on  the  distribution  of  loads  on  rectangular  slabs 
supported  on  four  sides;    from  Report  of  Special  Committee  on 
Concrete  and  Reinforced  Concrete,  American    Society  of  Civil 
Engineers,  1909. 

"The  exact  distribution  of  load  on  square  and  rectangular 
slabs,  supported  on  four  sides  and  reinforced  in  both  directions, 
can  not  readily  be  determined.      The  following  method  of  cal- 
culation is  recognized  to  be  faulty,  but  it  is  offered  as  a 
tentative  method  which  will  give  results  on  the  safe  side.  The 
distribution  of  load  is  first  to  be  determined  by  the  formulas 

r  -  14 

in  which  r_  =  proportion  of  load  to  be  carried  by  the  transverse 
reinforcement,  _1  =  length  and  _b  breadth  of  slab.  For  various 
values  of  l/b,  the  values  of  _r  are  as  follows; 


1/b 

r 

1 

0.50 

l.l 

0.59 

1.2 

0.6? 

1.3 

0.75 

1.4 

0.80 

1.5 

0.83 

Using  the  values  above  specified,  each  set  of  reinforcement  is  to 
be  calculated  in  the  same  manner  as  slabs  having  supports  on  two 
sides  only,  but  the  total  amount  of  reinforcement  thus  determined 
may  be  reduced  25^  by  gradually  increasing  the  rod  spacing  from 
the  third  point  to  the  edge  of  the  slab.TT 
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BRITISH  JOINT  COMMITTEE  ON  REINFORCED  CONCRETE. 
Cement  Age,  V.  5,  p.  156,   (September,  190?) 


Load a  to  be  used  in  design  of  floors  and  beams . 

"In  designing  any  structure  there  must  be  taken  into  account: 
(a)   the  weight  of  the  structure,   (b)  any  other  permanent  load, 
such  as  flooring,  plaster,  etc.,   (c)  the  accidental  (live)  load, 
(d)   in  some  cases,  also,  an  allowance  for  vibration  or  shock. 
Of  all  probable  distributions  of  the  load    that  is  to  be  assumed 
in  calculations  which  causes  the  greatest  straining  action." 


Moment  factors  to  be  used  in  design  of  beams. 

Beam  or  slab  simply  supported  at  ends,  1/8, 

Beams  fixed  at  end  or  continuous  over  several  spans,  1/24 
at  middle  of  span,  lAB  at  support,  if  continuity  can  be  relied 
upon.      Bending  moment  at  middle  of  span  will  generally  be  greater 
and  that  at  supports  less  than  above,  hence  it  is  recommended  that 
not  less  than  1/12  be  used.      If  fixedness  of  ends  is  allowed  for 
in  determining  bending  moment  near  middle,  then  the  beam  or  slab 
must  be  designed  to  resist  the  corresponding  bending  moment  at 
the  ends. 

For  beams  the  span  considered  to  be  the  distance  center  to 
center  of  bearing.      For  slabs  supported  at  the  ends,  the  clear 
span,  plus  the  thickness  of  the  slab.      For  slabs  continuous  over 
more  than  one  span,  the  distance  center  to  center  of  beams. 


Allowable  stresses . 

Concrete  of  strength  from  3400  to  3000  lb.  per  sq.  in.  after 
28  days  and  steel  of  ultimate  strength  of  60  000  lb.  per  sq,  in.s 
concrete  in  beams  subject  to  bending,  600  lb.  per  sq.  in.; 
concrete  in  shear  in  beams,  60  lb.  per  sq.  in.      Adhesion  of 
concrete  to  steel,  100  lb.  per  sq.  in.      Tension  in  steel, 
15  000  to  17  000  lb.  per  sq.  in. 

Test  loads. 

"Loading  test  on  the  structure  itself  should  not  be  made  until 
at  least  two  months  have  elapsed  since  the  laying  of  the  concrete. 
The  test  load  should  not  exceed  ll  times  the  accidental  (live) load 
Consideration  must  be  given  to  the  adjoining  parts  of  the  structure 
in  cases  of  partial  loading.      In  no  case  should  any  test  load  be 
allowed  which  would  caase  the  stress  in  any  part  of  the  rein- 
forcement to  exceed  two—thirds  of  that  at  which  the  steel  reaches 
its  elastic  limit." 
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AUSTRIAN  GOVERNMENT  REGULATIONS 
FOR  CONCRETE  AND  REINFORCED  CONCRETE  CONSTRUCTION . 
Regulations  for  Buildings. 
Cement,  V.  8,  No.  10,   (February,  1908), 


Loads  to  be  used  in  design. 

"In  determining  the  external  loads  and  moments  only  so  much 
of  a  fixed  moment  shall  be  assumed  at  any  support  as  will  be 
actually  provided  for  by  proper  arrangement  without  exceeding 
the  allowable  stresses  in  the  parts  affected". 


Moment  factors  to  be  used  in  the  design  of  floors  and  beams . 

"Girders  continuous  over  several  supports  shall  be  computed 
according  to  the  formulas  for  continuous  girders,  with  due  con- 
sideration of  the  loading  causing  the  greatest  stress;    but  in 
the  computations  not  more  than  three  spans  shall  be  considered  as 
continuous.      For  continuous  girders  resting  on  elastically 
yielding  supports,  rigidly  connected  to  them,  the  deformation  of 
these  supports  due  to  external  forces  shall  be  considered. 

"For  reinforced  concrete  beams  the  possible  effect  of  end- 
fixing  moments  over  the  supports  shall  be  provided  for  by  a 
proper  arrangement  of  metal  reinforcing. 

"For  rectangular  slabs  supported  on  all  four  sides  and  rein- 
forced by  iron  rods  at  right  angles,  the  moments  may  be  reduced 
as  follows:      If  one  side  b_  of  the  slab  does  not  exceed  by  1§ 
times  the  side  a,  the  external  moment  determined  for  a  simple 
span  a_  may  be  reduced  by  the  ratio  b4  :   (a4  +  b4)  . 


Materials  to  be  used . 

No  concrete  of  proportions  poorer  in  cement  than  1  to  5  of 
sand  and  stone  shall  be  used  for  reinforced  concrete  mixtures. 


Allowable  stresses . 

Medium  steel  may  be  stresses  in  tension  or  compression  up 
to  14  20C  lb.  per  sq.  in. 
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Allowable  stresses  on  concrete, 
pounds  per  square  inch 

Mixture  Bending  and  Shearing 

compression         Compression      and  Adhesion 
and  bending  Tension 
combined 
Compression  Tension 


1  cement,  3  aggregate    569  342  398  64  78 

1  cement,  4  aggregate     512  327  356  64  78 

1  cement,  5  aggregate    455  306  313  50  64 


Testing  of  Structures , 

Load  and  breaking  tests  of  the  whole  structure  or  parts 
thereof  shall  be  made  on  request.      No  such  tests  shall  be  made 
before  the  expiration  of  six  weeks  a.fter  the  completion  of  the 
tamping.      The  load  to  be  applied  for  the  test  shall  be  pro- 
portioned to  exert  on  the  structure  the  effect  of  the  fixed  load 
plus  1.5  times  the  specified  moving  load.      No  cracks  or  perma- 
nent deformations  shall  be  developed  by  this  load. 

In  making  the  breaking  test  the  load  shall  be  increased  gra- 
dually to  the  breaking  point.      The  breaking  load  shall  not  be 
less  than  3.5  times  the  total  fixed  and  moving  load,  less  the 
v/eight  of  the  tested  structure  or  member  itself. 
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REGULATIONS  OF  THE  PRUSSIAN  GOVERNMENT 
FOR  REINFORCED  CONCRETE  BUILDINGS. 
Cement,  V.  9,  No.  3,   (July,  1908). 


Loads  to  be  used  Ln  the  design  of  floors  and  beams 

For  members  subjected  to  moderate  impact,  such  as  floors 
or  residences,  offices,  and  warehouses,  the  fixed  and  moving 
loads.      For  members  subject  to  heavier  impact  or  rapidly  changing 
loading  such  as  floors  of  meeting  rooms,  dancing  halls,  factories, 
storage  houses,  the  fixed  load  and  the  moving  load  increased  by 
50$.      For  members  subjected  to  violent  shocks,  the  fixed  load 
and  the  moving  load  increased  by  100$. 

Moment  factors  to  be  used  in  the  design  of  floors  and  beams , 

"For  structural  members  subjected  to  bending,  the  external 
bending  moments  and  reactions  shall  be  computed  according  to  the 
mode  of  loading  and  the  character  of  the  abutments,  either  as 
freely  supported  or  continuous  beams." 

"For  freely  supported  slabs  the  clear  span  plus  the  thickness 
of  the  slab  at  mid-span  shall  be  taken  as  the  theoretical  length 
of  the  span;  for  continuous  slabs,   the  latter  shall  be  taken  as 
the  distance  center  to  center  of  supports.      For  beams  the  clear 
span  plus  the  required  length  of  bearing  at  the  support  shall  be 
taken  as  the  theoretical  length  of  the  span. 

"For  slabs  and  beams  continuous  over  several  sui^ports  the 
bending  moment  at  the  center  of  the  various  spans  may  be  taken  at 
0.8  of  that  of  a  freely  supported  beam  of  the  same  span,  unless 
the  actual  moments  and  reactions  be  computed  according  to  the  , 
formulas  for  continuous  beams  freely  supported  at  all  points  of 
support,  or  unless  they  be  determined  by  direct  tests.      At  the 
points  of  support  the  negative  bending  moment  shall  be  taken  as 
equal  in  amount  to  the  greatest  bending  moment  of  a  freely  sup- 
ported beam  of  the  same  span.      Only  such  slabs  and  beams  may  be 
computed  as  continuously  supported  according  to  this  rule  as  are 
resting  on  solid  supports  located  in  one  plane  or  on  reinforced 
concrete  beams.      In  designing  the  steel  reinforcing  the  possible 
occurrence  of  negative  moments  shall  always  be  carefully  considers! 

"For  beams  an  end— fixing  moment  shall  then  be  assumed  in  the 
computations  only  when  special  structural  details  are  provided 
which  will  guarantee  such  a  fixing  moment." 
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"In  the  computation  not  more  than  three  spans  shall  be  taken 
as  continuous.  For  moving  loads  exceeding  200  lb.  per  sq.  ft., 
the  computation  shall  also  be  extended  to  determine  the  position 
of  load  causing  the  greatest  stress." 

"Slabs  supported  freely  on  all  sides  and  reinforced  with 
crosswise  intersecting  reinf orcing-rods  may  be  computed,  for 
uniform  loading,  according  to  the  formula  M  =  pb8/18  if  their 
length  a_  be  less  than  one  and  a  half  times  their  width  jp_ 
representing  here  the  total  load  per  unit  of  length.  Provision 
shall  be  made  against  negative  moments  at  the  abutments  by  the 
shape  and  position  of  the  steel  bars." 


Allowable  stresses . 

"Tn  members  subject  to  bending  the  compressive  stress  in  the 
concrete  shall  not  exceed  the  sixth  part  of  its  crushing  re- 
sistance . 

mhe  tensile  or  compressive  stress  in  the  steel  shall  not 
exceed  14  200  lb.  per  sq.  in. 

The  shearing  strength  of  concrete  shall  not  exceed  64  lb. 
per  sq.  in,      If  greater  shearing  strength  be  proved  by  tests, 
the  allowable  shearing  stress  shall  not  exceed  one— fifth  of  that 
strength. 

The  adhesive  stress  shall  not  exceed  the  allowable  shearing 
stress. 
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FRENCH  RULES  ON  REINFORCED  CONCRETE. 
Cement  Age,  V.  3,  p.  410,    (November,  1906) 


Loads  to  be  used  in  design  of 

"Floors  and  other  structural  features  of  buildings,   +  +  +  + 
are  to  be  designed  with  regard  to  the  maximum  loads  which  such 
structures  may  have  to  carry." 

Moment  factors  to  be  used  in  design  of  beams . 

Fixed  ends,  uniform  load,  1/12  over  supports. 

1/84  at  middle. 

Partically  fixed  at  ends,  1/10. 


Allowable  Stresses. 


"The  limit  of  compressive  stress  for  reinforced  concrete  to 
be  allowed  in  calculations  shall  not  exceed  ZA  of  the  crushing 
strength  of  plain  concrete  of  the  same  proportions  and  at  the 
age  of  90  days.      The  value  of  the  crushing  strength,  determined 
by  test  of  8— in,  cubes  at  least." 

"The  safe  limit  for  shearing  and  slipping  strains  in  concrete 
in  respect  of  its  own  fibers,  as  well  as  the  safe  limit  of  its 
adhesion  to  the  metal  used  as  reinforcement,  may  be  taken  as 
equal  to  1/10  of  the  strength  specified  +  +  +  for  the  safe  limit 
of  compressive  stresses." 

"The  safe  limit  of  tensile  as  well  as  compressive  stresses 
allowed  for  the  reinforcement  shall  not  exceed  1/2  the  value  of 
the  elastic  limit  of  the  metal  employed.  +  +  +  +    However,  for 
members  and  especially  for  slabs  subject  to  alternating  shocks 
or  stresses  this  limit  is  to  be  reduced  to  5/12,  instead  of  1/2 
the  elastic  limit." 

For  members  subject  to  stresses  varying  within  wide  limits, 
the  safe  working  stresses  specified  above  are  to  be  reduced  in 
accordance  with  the  importance  of  such  variations,  but  this  de- 
crease need  not  exceed  25%.      The  safe  limits  of  the  working 
stresses  are  to  be  reduced  also  for  members  subject  to  weakening 
causes  not  considered  in  the  calculations,  particularly  to 
dynamical  action,  and  especially  for  members  supporting  railway 
ties." 
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Test  loads  on  floors . 

"Floors  shall  "be  subjected  to  tests  comprising  the  application 
of  the  calculated  dead  and  live  loads  over  the  whole  area  of  the 
building,  or  at  least  upon  entire  floor  panels.      The  loads  are 
to  be  left  in  position  at  least  24  hours,  and  increase  of  de- 
flection must  cease  after  15  hours." 

"The  age  of  structures  tested  shall  be  90  days  for  structures 
of  primary  importance,  45  days  for  ordinary  structures,  and 
30  days  for  floors." 
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BTJILDING  ORDINANCES  OF  THE  CTTY  OF  CHICAGO,  ILLINOIS. 

Revised  June  8,  1908, 


Loads  to  be  used  in  the  design  of  floors  and  beams . 

"The  floors  of  all  buildings  of  Class  I,    (In  Class  I 
shall  be  included  every  building  used  for  the  sale,  storage 
or*  manufacture  of  merchandise,  other  than  department  stores 
+  +  ),  shall  be  designed  and  constructed  in  such  a  manner  as 
to  be  capable  of  bearing  in  all  their  parts,  in  addition  to  the 
weight  of  floor  construction,  of  partitions  and  permanent 
fixtures  and  mechanisms  that  may  be  set  upon  the  same,  a  live 
load  of  one  hundred  (100)  pounds  for  every  square  foot  of  sur- 
face in  such;    and  the  strength  of  such  building  shall  be  in- 
creased above  the  capacity  to  carry  such  a  live  load  of  one 
hundred  pounds  per  square  foot  of  floor  surface  when  the  uses 
to  which  such  buildings  or  part  thereof  is  to  be  applied, 
involves  greater  stress.  " 


Moment  factors  to  be  used  in  the  design  of  floors  and  beams . 

"Reinforced  concrete  construction  shall  be  of  such  nature 
that  the  stresses  can  be  calculated  according  to  the  accepted 
formulas  of  modern  concrete  engineering  practice." 

"The  following  assumption  shall  guide  in  the  determination 
of  the bending  moment  due  to  external  forces:    Beams  and  girders 
shall  be  considered  as  simply  supported  at  the  ends,  no  allow- 
ance being  made  for  continuous  construction  over  supports.  Floor 
plates,  when  constructed  continuous  and  when  provided  with  rein- 
forcement at  top  of  plate  over  supports,  may  be  treated  as  con- 
tinuous beams,  the  bending  moment  for  uniformly  distributed 
loads  being  taken  at  not  less  than  WL/8,  the  bending  moment  may 
be  taken  at  WL/80  in  case  of  square  floor  plates  which  are  rein- 
forced in  both  directions  and  supported  on  all  sides.  The 
floor  plate  to  the  extent  of  not  more  than  five  times  the  width 
of  any  beam  or  girder  may  be  taken  as  para  of  that  beam  or  girder 
in  computing  its  moment  of  resistance." 
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Quality  of  Materials  used, 

"The  concrete  shall  be  mixed  in  the  propoetion  of  one  of 
cement,  three  of  sand,  and  five  of  stone,  gravel  or  slag. 
The  proportions  shall  be  such  that  the  resistance  of  the  con- 
crete to  crushing  shall  not  be  less  than  2  000  lb.  per  sq.  in. 
after  hardening  for  28  days. 

Allowable  Stresses. 

"Reinforced  concrete  shall  be  so  designed  that  the  stresses 
in  the  concrete  and  the  steel  shall  not  exceed  the  following 
limits.      Extreme  fiber  stress  on  concrete  in  compression 
five  hundred  (500)  pounds  per  square  inch;     shearing  stress  in 
concrete  75  lb.  per  sq.  in.;  concrete  in  direct  compression 
350  lb.  per  sq.  in.;     tensile  stress  in  steel,  one—third  of  the 
elastic  limit;     shearing  stress  in  steel,  10  000  lb.  per  sq.  in. 
The  adhesion  of  concrete  to  steel  shall  be  assumed  to  be  75  lb. 
per  sq.  in.  of  surface  where  bars  are  |— in.  or  less  in  diameter 
arid  proportionally  less  for  bars  of  a  aiameter  greater  than  £~in. 

Loading  Tests. 

""The  contractor  shall  be  prepared  to  make  load  tests  on  any 
portion  of  a  reinforced  concrete  construction  within  a  reasonable 
time  after  erection,  as  often  as  may  be  required  by  the  Com- 
missioner of  Buildings.      Such  tests  shall  show  that  the  con- 
struction will  sustain  a  load  twice  that  for  which  it  is  designed 
without  any  sign  of  failure,  or  in  the  case  of  beams,  girders, 
or  floors,  without  deflections  more  than  1/700  of  the  span." 
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REPORT  OF  THE  SPECIAL  COMMITTEE  ON  REINFORCED  CONCRETE 

OF  THE  ENGINEERS'  CLUB  OF  ST.  LOUIS. 
EMBODIED  IN  THE  BUILDING  ORDINANCES  OF  ST.  LOUIS,  MO. 
Journal  Association  of  Engineering  Societies,  V.  39, p.  158,   (1907)  . 


Loads  to  be  used  i_n  the  design  of  floors  and  beams. 


The  following  table  gives  the  uniformly  distributed  live 
loads  for  which  structural  members  shall  be  designed  when  their 
dead,  loads  are  as  given  in  first  column: 


Dead 

Load 

Correspondin 

g  Live  Load 

lb. 

per 

lb,  per 

sq.  ft. 

sq. 

in. 

Col. 

1.        Col.  2 

Col.  3 

Col.  4 

40  or  under 

72 

103 

155 

194 

50 

63 

93 

140 

175 

60 

59 

84 

126 

158 

70 

53 

76 

114 

143 

80 

48 

69 

104 

130 

90 

46 

64 

96 

120 

100 

41 

58 

87 

109 

110 

37 

53 

80 

100 

120 

34 

49 

74 

93 

130 

31 

44 

66 

81 

140 

29 

41 

62 

78 

150 

27 

39 

59 

74 

Live  loads  on  floors  for  dwellings,  apartment  houses,  dormitories, 
hospitals  and  hotels  shall  be  as  given  in  Column  1.       For  school 
rooms,  churches,  offices,  theater  galleries,  ues  Column  2.  For 
ground  floors  of  office  buildings,  corridors  and  stairs  in  public 
buildings,  ordinary  stores,  light  manufacturing  establishments, 
stables,  and  garages,  use  Column  3.      For  assembly  rooms,  main 
floors  of  theateres,  ball-rooms  or  gymnasiums  or  any  room  likely 
to  be  used  for  dancing  or  drilling,  use  Column  4.      For  sidewalks 
300  lb.  per  sq.  ft.      For  warehouses,  factories,  special  according 
to  service,  but  not  less  than  Column  4. 


Moment  factors  to  be  used  in  the  design  of  slabs  and  beams . 

For  flat  slabs  continuous  or  two  or  more  supports  and 
uniformly  loaded,  the  bending  moment  may  be  taken  as  WL/12,  in 
which  W  equals  the  total  load  on  the  span  and  L  the  center  to 
center  distance  between  supports. 
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Beams  continuous  over  supports  shall  be  reinforced  to  take 
the  full  negative  bending  moment  over  the  supports,  but  shall 
be  computed  as  non— continuous  beams. 

Quality  of  materials  to  be  used  in  reinforced  concrete . 

Concrete  shall  have  an  ultimate  strength  in  compression 
in  28  days  of  not  less  than  the  following! 

Burned  clay  concrete,  1000  lb.  per  sq.  in. 

All  other  concrete,      2000  lb.  per  sq.  in. 

Steel  shall  be  medium  steel  or  high  elastic  limit  steel, 
the  tensile  strength  shall  show  the  following  values:  Elastic 
Unit  of  medium  steel  not  less  than  30  000  lb.  per  sq.  in., 
elastic  limit  steel  not  less  than  50  000  lb.  per  sq.  in. 


Allowable  Unit  Stresses . 

Burned  clay  concrete! 

Direct  compression,   ....  300  lb,  per  sq.  in. 

Crossbending,   400  lb.  per  sq.  in. 

Direct  shearing,   IdO  lb.  per  sq.  in. 

Shearing  where  secondary  tension  is  allowed,  15. 

All  other  concrete: 

Direct  compression,  ....  500  lb.  per  sq.  in. 
Cross  bending, .......  800  lb.  per  sq.  in. 

Direct  shearing   300  lb.  per  sq.  in. 

Shearing  where  secondary  tension  is  allowed,  25. 

Steel  in  tension: 

Medium  steel,   .   .  14  000  lb.  per  sq.  in.,  in  high  e  last  is 
limit  steel,    .  .20  000  lb.  per  sq.  in. 

The  compression  in  steel  shall  be  computed  from  the  corres- 
ponding compression  in  the  concrete,  except  for  hooped  columns. 

The  loading  stress  between  steel  and  concrete  under  working 
load  shall  not  exceed  the  following  for  plain  steel,  medium 
steel  50  lb.  per  sq.  in.    for  high  elastic  limit  steel  30  lb.  per 
sq.  in.  per  final  square  inch  of  contact. 

For  bars  of  such  shape  throughout  their  length  that  their 
length  that  their  efficiency  of  bond  does  not  depend  upon  the 
adhesion  of  concrete  to  steel,  the  allowable  bonding  stress  under 
working  load  shall  be  determined  as  follows: 

The  bars  shall  be  imbedded  not  less  than  6  in.  in  concrete 
as  herein  defined,  and  the  force  required  to  pull  out  the  bar 
shall  be  ascertained.      At  least  five  such  tests  shall  be  sub— 
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mitted  to  the  gommissioner  of  Public  Building,  who  shall  then 
fix  one— fourth  of  the  average  stress  thus  ascertained  at 
failure  as  the  allowable  stress. 

Loading    tests . 

If  loading  tests  are  considered  necessary  by  the  Com- 
missioner of  Public  Buildings,  they  shall  be  made  in  accordance 
with    his  instructions,  but  the  stresses  induced  in  all  parts 
of  a  structural  member  by  its  test  load  shall  be  the  same  as  if 
the  member  were  subjected  to  twice  the  dead  load  plus  twice  the 
assumed  load. 
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THE  BUILDING  LAW  OF  THE  CITY  OF  BOSTON,  MASS. 

190? . 

Load 8  to  be  used  in  design  of  floors  and  girders  for  the  dif- 

fTent  classes  of  buildings  the  assumed  live  loads  shall  not 

be  less  than  given  below. 

Houses  for  habitation,  50  lb. per  sq. 

Office  floors,  public  rooms  of 
hotels  and  houses  exceeding 

500  square  feet,   100  lb. per  sq.  ft. 

Retail  stores  and  public  buildings 
except  schoolhouses  or  for  light 

manufacturing,   125  lb.  per  sq.  ft 

Schoolhouses  other  than  floors  for 

assembly  rooms,   65  lb.  per  sq,  ft 

Schoolhouse  floors  of  assembly  rooms^LS5  lb.  per  sq.  ft 
Drill  rooms,  dance  halls,  and 

riding  schools,   200  lb.  per  sq.  ft 

Warehouses  and  merchantile 

buildings,   250  lb.  per  sq.  ft 

Flat  roofs,   40  lb.  per  sq.  ft 

The  full  floor  load  specified  in  this  section  shall  be 
included  in  proportioning  all  parts  of  buildings  designed  for 
warehouses,  or  for  heavy  merchantile  and  manufacturing  purposes. 
Tn  other  buildings,  however,  reductions  may  be  allowed,  as 
follows:      for  girders  carrying  more  than  100  sq.  ft.  of  floor, 
the  live  load  may  be  reduced  10%.      For  columns,  piers,  walls 
and  other  parts  carrying  two  floors  a  reduction  of  15%  of  the 
total  live  load  may  be  made.      For  a  building  over  three  stories 
high,  the  total  live  load  on  columns  may  be  reduced  as  follows: 

Columns  carrying  3  floors,  20%. 

4  "        25$ . 

5  "        30% . 

6  "  35$. 
?        w         40$ . 

8  »  45$. 

9  or  more, 50$. 
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Moment  factors  to  "be  used  in  design  of  floors  and  girders . 

"Beams  or  girders  of  metal  or  reinforced  concrete  snail  be 
considered  as  simply  supported  at  their  ends,  except  when  they 
extend  with  unbroken  cross-section  over  the  supports,  in  which 
case  they  may  be  considered  as  continuous.      In  slabs,  beams 
or  girders  continuous  over  supports,  provision  shall  be  made  for 
negative  bending  moment  at  such  supports  equal  to  4/5  of  the 
positive  bending  moment  that  would  exist  at  the  center  of  the 
span  if  the  piece  were  simply  supported,  and  the  positive  bend- 
ing moment  at  the  center  of  the  span  may  be  taken  equal  to  the 
negative  bending  moment  at  the  support. 

In  the  case  of  a  slab  of  reinforced  concrete  with  parallel 
ribs  or  girders  beneath,  the  rib  or  girder  may  be  considered  to 
include  a  portion  of  the  slab  between  the  ribs,  forming  a  T- 
beam.      The  width  of  the  T-beam  on  top  shall  not  exceed  1/5  the 
span  of  the  rib  nor  the  distance  from  center  to  center  of  the 
ribs 


Qual i ty  of  Materials  used  and  allowable  stresses . 

"In  first  class  portland  cement  concrete,  containing  one 
percent  cement  to  not  more  than  six  parts  mixed  properly,  graded 
aggregate,  except  in  piers  or  columns,  the  compression  shall  not 
exceed  30  tons  per  sq.  ft.   (415  lb,  per  sq.  in,). 

In  reinforced  concrete  the  maximum  shearing  force  upon  the 
concrete,  when      combined  with  compression  upon  the  same  plane 
shall  not  exceed  60  lb.  per  sq.  in.,  unless  the  building  com- 
missioner, with  the  consent  of  the  board  of  appeal,  shall  fix 
some  other  value. 

If  the  embedded  steel  has  no  mechanical  bond  with  the  con- 
crete, its  holding  power  shall  not  exceed  the  allowable  shearing 
strength  of  the  concrete. 

Steel  in  tension,  16  000  lb.  per  sq.  in. 

The  modulus  of  elasticity  of  the  concrete,  if  not  shown  by 
direct  tests,  may  for  beams  and  slabs  be  taken  as  1/lb  that  for 
steel,  and  for  columns  lAO  that  for  steel. 

Allowable  deflection  in  Beams . 

Under  the  prescribed  loads,  beams  shall  be  so  proportioned 
that  the  deflection  shall  not  exceed  1/560  of  the  span". 
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BUI LET KG  LAWS  OF  SAN  FRANCISCO,  CAL. 
Abstract  in  Eng.  News,  V.  LVI,  No.  4,    (July  86,  1906) 

"Reinforced  concrete  construction  shall  be  of  such  nature 
that  the  stresses    can  be  calculated  according  to  the  accepted 
formulas  of  modern  concrete  engineering  practice." 


Moment  factors  to  be  used  in  design  of  floors  and  girders . 

"The  following  assumption  shall  guide  in  the  determination 
of  the  bending  moments  due  to  external  forces;    Beams  and 
girders  shall  be  considered  as  simply  supported  at  the  end,  no 
allowance  being  made  for  continuous  over  the  supports.  Floor 
■plates,  when  constructed  continuous  and  when  provided  with  rein- 
forcement at  the  top  of  plate  over  supports,  may  be  treated  as 
continuous  beams,  the  bending  moment  for  uniformly  distributed 
loads  being  taken  as  not  less  than  WL/12;     the  bending  moment 
may  be  taken  as  WL/30  in  the  case  of  square  floor  plates  which 
are  reinforced  in  both  directions  and  supported  on  all  sides." 

Quality  of  Materials  Used . 
Patios  of  moduli  of  elasticity  of  concrete  and  steel  1  to  15. 

"The  concrete  shall  be  mixed  in  the  proportions  of  not  less 
than  one  part  of  cement  to  six  of  aggregate,  consisting  of  sand 
and  gravel  or  broken  stone  of  1— in.  major  dimentions.  The 
proportions  shall  be  such  that  the  resistance  of  the  concrete 
to  crushing  shall  not  be  less  than  S  000  lb.  per  so.  in.  after 
hardening  for  81  days.      The  tests  to  determine  this  value  shall 
be  made  by  a  competent  engineer  under  the  direction  of  the 
Board  of  Public  Works.      The  concrete  used  in  reinforced  concrete 
shal]  be  what  is  usually  known  as  a  wet  mixture." 

Allowable  stresses  on  materials. 

Extreme  fiber  stress  on  concrete  in  compression,  500  lb. 
per  sq,  in. 

Shearing  stress  on  concrete,    ?5  lb. 

per  sq.  in. 

Concrete  in  direct  compression,   450  lb. 

per  sq,  in. 

Concrete  in  spirally  wound  columns,   700.1b. 

per  sq.  in. 

Tensile  stress  in  steel  1/5  elastic  limit. 

Bond  between  concrete  and  steel  for  bars  3-—in.  or  less  in 
diameter,  75  lb.  per  sq.  in,,  and  proportionally  leas  for 
bars  greater  than  |  in.  diameter. 
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Loading  Tests. 

"The  contractor  shall  be  prepared  to  make  load  tests  on 
any  portion  of  a  reinforced  concrete  structure  within  a  reason- 
able time  after  erection,  as  may  be  required  by  the  Inspector 
of  Buildings.      Such  tests  shall  show  that  the  construction 
will  sustain  a  load  twice  that  for  which  it  is  designed,  without 
any  sign  of  failure,  or  in  the  case  of  beams  or  girders  or 
floors,  without  deflecting  more  than  1/700  of  the  span." 
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PHILADELPHIA    BUILDING    ORDINANCES . 
Cement  Age,  V.  5,   (November,  1907) 

Loads  to  be  used  in  the  design  of  floors  and  beams . 

"The  design  shall  be  based  on  the  assumption  of  a  load  four 
times  as  great  as  the  total  load,   (ordinary  dead  load  plus 
ordinary  live  load) ," 


Moment  factors  to  be  used  in  the  design  of  floors  and  beams . 

"In  the  determination  of  bending  moments  due  to  the  external 
forces,  beanis  and  girders  shall  be  considered  as  simply  supported 
at  the  ends,  no  allowance  being  made  for  continuous  construction 
over  supports.      For  slabs,  when  constructed  continuously  and 
when  provided  with  reinforcement  at  top  of  slab  over  the  supports* 
may  be  treated  as  continuous  beams,  the  bending  moment  for  uni- 
formly distributed  loads  being  taken  at  not  less  then  WL/lO;  in 
case  of  square  floor  slabs  which  are  reinforced  in  both  directions 
and  supported  on  all  sides,  the  bending  moment  may  be  taken  at 
WL/20;     provided  that  in  floor  slabs  in  juxtaposition  to  the  walls 
of  the  building  the  bending  moment  shall  be  taken  as  WL/16." 


Allowable  Stresss . 

"Allowable  unit  transverse  stress  upon  concrete  in  com- 
pression, stone  or  gravel  concrete,                     600  lb, per  sq.  in. 

slag  cod crete,                        400  lb. per  sq.  in. 

cinder  concrete,                      250  lb. per  sq.  in. 

Allowable  unit  transverse  stress  in  tension, 

iron,  12000  lb. per  sq.  in. 

steel,                                  16000  lb. per  sq.  in. 

Allowable  unit  shearing  stress  upon  concrete, 

stone  or  gravel  concrete,      75  lb. per  sq.  in. 

slag  concrete,                          50  lb. per  sq.  in. 

cinder  concrete,    ....        25  lb. per  sq.  in. 

Allowable  unit  adhesive  stress  on  concrete, 

stone  or  gravel  concrete,      50  lb. per  sq.  in. 

slag  concrete,                          40  lb. per  sq.  in. 

cinder  concrete,   ....        15  lb,  persq.  in. 


138 


"When  steel  or  iron  is  in  the  compression  side  of  beams  the 
proportion  of  stress  taken  by  the  steel  or  iron  shall  be  in  the 
ratio  of  the  modulus  of  elasticity  of  the  steel  or  iron  to  the 
modulus  of  elasticity  of  the  concrete;     provided  that  the  rods 
are  wel^  tied  with  stirrups  connecting  with  the  lower  rods  of 
the  beams;     provided  further,  that  when  rods  are  used  in  com- 
pression, the  approval  of  the  Chief  of  the  Bureau  of  Building 
Inspection  must  be  obtained." 
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CONCLUSIONS. 

The  usual  bending  moment  formulas  for  continuous  beams 
which  have  been  developed  for  beams  of  homogeneous  material 
may  be  used  in  determining  the  bending  moment  for  restrained 
reinforced  concrete  beams  without  introducing  any  appreciable 
error  in  the  results. 

In  the  Unites  States,  building  codes  and  designers  have 
been  slow  in  appreciating  the  advantage  of  recognizing  the 
presence  of  continuity  of  action  in  monolithic  reinforced  con- 
crete floor  or  beam  construction.    European  designers  have  given 
more  attention  to  this  subject  and  have  recommended  the  use  of 
lower  moment  factors  in  structures  in  which  continuity  of  action 
exists.     In  building  design  it  is  safe  and  practical  to  consider 
continuity  of  members  providing  proper  precaution  has  been  taken 
to  reinforce  for  negative  bending  moments  and  that  additional 
stiffness  will  be  thus  obtained.     In  the  calculating  of  bending 
moments  due  consideration  must  be  taken  of  the  condition  of 
the  find  of  the  beam,  lateral  restraint  and  other  conditions 
which  are  to  be  determined  in  individual  cases,  but  that  in 
general  for  beams  of  three  or  more  equal  spans  it  will  be  safe 
to  use       wls  for  both  positive  and  negative  moments  for  the 
end  panels,  ani  for  all  intermediate  panels       wl2  for  both 
positive  and  negative  moments  may  be  used. 
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The  method  of  testing  beams  with  overhanging  or 
anchored  ends  by  concentrated  loads  gave  satisfactory  results. 
The  spring  cushion  for  applying  loads  to  the  test  beams  was 
not  satisfactory  on  account  of  the  indefinite  distribution  of 
the  load  after  the  beam  began  to  deflect  appreciably. 

Generally  the  beams  failed  by  diagonal  tension  at  a 
diagonal  tensile  stress  of  about  116  lb.  per  sq.  in.  for  the 
simple  beams,  and  130  lb.  per  sq.  in.  for  the  beams  loaded  with 
ends  restrained.      The  beams  loaded  on  springs  gave  higher 
apparent  stresses  than  those  tested  by  concentrated  loads, 
although  in  the  former  the  distribution  of  the  load  was  some- 
times indefinite. 

The  use  of  straight  bars  to  take  negative  bending 
moment  is  objectionable.      These  tests  showed  a  tendency  of  the 
bars  to  split  off  the  concrete  above  the  reinforcement  in 
nearly  all  cases  in  which  straight  bars  were  used  in  reinforcing 
the  overhanging  ends  of  the  beam.      The  use  of  vertical  stirrups 
does  not  appear  to  be  sufficient  to  prevent  this  splitting— off 
failure.      Bending  down  of  the  free  end  of  the  bar  into  the 
body  of  the  beam  seems  to  be  the  best  method  of  providing  for 
these  stresses.      None  of  the  buildir.g  codes  or  recommendations 
available  make  provision  for  such  stresses. 
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